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SEISMIC REHABILITATION OF RC COLUMNS WITH CORRODED 
REINFORCING BARS THROUGH PRACTICAL INTERVENTIONS  
SUMMARY 
Corrosion, which generally results from either exposure of steel to chloride ions or 
carbonation, is one of the widespread durability problems. The seismic behavior of 
existing structures is affected by corrosion through degradation in their strength and 
displacement capacity. Rehabilitation of aged and deteriorated structure stock that 
has potential of damage during the earthquakes in Turkey and other countries, is one 
of the most important problems among the major challenges of construction sector 
due to the huge reinforced concrete structure stock. Corrosion of reinforcing bars and 
consequently the resultant cracks in the concrete of structural members due to the 
humid environmental conditions are among the most common reasons of damages in 
RC structures, which require rehabilitation. Depending on the corrosion level, the 
bond between concrete and steel reinforcement can be affected negatively. In terms 
of seismic safety of the existing structures, the leading factors which cause major 
risks is corrosion of reinforcement (cross-section loss of rebars), strength loss, 
spalling of cover concrete, longitudinal cracks. 
 
An experimental and analytical study is planned for seismic rehabilitation of RC 
columns with corroded reinforcing bars by different practical, user-friendly and low 
cost methods. The specimens produced for these tests were planned to represent 
typical normal strength structural components. The tests have been carried out for 
column specimens that were constructed in accordance with new design code 
(normal strength and good quality concrete, deformed bars, sufficient transverse 
reinforcement and detailing) that have average concrete compressive strength of 25 
MPa. Sıx specimens were constructed in an identical manner and were subjected to 
accelerated corrosion of reinforcing bars, which fıve of them were repaired in order 
to recover the negative effects of the reinforcement corrosion. These samples were 
tested under constant axial load and cyclic reversed bending effects. The behavior of 
the specimens has been examined analytically. These tests would provide 
experimental data base for seismic performance of corrosion damaged structural 
components retrofitted as well and would have a significant contribution in the 
structural engineering field. The results of this study will provide considerable 
support to the solution of the common problem in the world and lead in retrofitting 
corrosion damaged structures to the experts.  
 
For summarizing the test results, a number of behavior characteristics; such as 
displacement capacity, strength, moment-curvature relationship,  ductility, strain 
distribution, and displacement components, which are among main indicators of 
seismic performance, are evaluated. The concentration of plastic deformations of 
main reinforcing bars at and around the maximum cross-section loss (maximum pit) 
causes limited distribution of plastic deformations leading to remarkably reduced 
xxii 
 
displacement capacity for the columns with corroded reinforcement due to reduced 
plastic hinge lengths. Consequently ductility and energy dissipation capacity of the 
columns with corroded reinforcement are reduced remarkably.  
The proposed simple rehabilitation method recovered the strength of the specimens. 
However, more important than strength, ductility and energy dissipation capacities 
could not be recovered. 
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 KOROZYONA UĞRAMIŞ OLAN BETONARME KOLONLARIN BASIT 
MUDAHELERLE DEPREM PERFORMANSLARININ IYILESTIRILMESI  
ÖZET 
Türkiye’de 50’li yıllarda başlayan ve günümüze kadar devam eden hızlı nüfus 
artışıyla beraber, hızlı yapılaşmada beraberinde gelmiştir. Mevcut yapı sayısının çok 
hızlı artması, ülkenin yüz ölçümü bakımından %90’ının, nüfus sayısı bakımından 
%95’inin deprem bölgesi üzerinde olmasından dolayı, yapılan bu yapı stokunun olası 
bir deprem ya da dinamik etki altında can ve mal kaybına yol açmaması için birçok 
çalışma yapılmaktadır. İlk afet yönetmeliğinin çıkışından beri yönetmelikler birçok 
kez yenilenmiş, yeni yapılan yapıların bu yönetmeliklere uyularak bir nebze de 
güvenli hale getirilmelerine çalışılmıştır.  
Yapılar tasarlanırken tam anlamıyla yönetmeliklere uyulsa bile, malzeme kalitesinin 
kötü olabilmesi ya da yapım sırasındaki hatalar nedeniyle yapılar zarar görebilmekte, 
bu zararlar uzun vadedeki etkilerle birlikte yapıda hasara yola açıp yapının olası 
deprem performanslarında düşüşe neden olabilmektedir. Yapıyı uzun vadede 
etkileyerek yapı performansının önemli bir derecede düşmesine neden olan 
günümüzdeki en büyük problemlerden biri de betonarme binaların taşıyıcı 
elemanlarındaki çelik donatıların korozyona uğramasıdır. Korozyona uğrayan çelik 
donatıların korozyon artıkları nedeniyle hacimlerinde artış gerçekleşmekte, bu hacim 
artışıyla beraber dıştaki beton tabakası çatlamakta ve korozyona uğrayan eleman 
önemli derecede dayanım ve süneklik kaybına uğramaktadır. Bunun yanı sıra 
korozyon çelik donatılarda kesit kaybına yol açmakta dış beton sağlam olsa dahi 
donatılardaki kesit kayıpları nedeniyle donatılar gevrek hasara uğrayıp 
kopmaktadırlar. Donatıların hasara uğraması ve betonda hasarların oluşması 
nedeniyle de beton-donatı arasındaki aderans azalmaktadır.   
Genel olarak korozyon, çelik donatı içerisinde yer alan demir iyonlarının klorid 
iyonlu bir ortamda bulunmasından ya da karbonasyondan kaynaklanır. Korozyonu 
oluşturan en önemli etmenlerin, yüksek klorid oranı, düşük pH, ısı, su/çimento oranı, 
nem, döküm sırasındaki yetersiz vibrasyon ve problemli atık/yağmur su sistemleri 
olduğu düşünüldüğünde, korozyonun Türkiye’de bulunan yapılara büyük oranda etki 
ettiği ve bu yapılara geçen yıllar içerisinde hasar verdiği aşikardır.  
Ülkede deprem riskinin yüksek olması ve olası bir yüksek büyüklükteki depremin 
beklendiği gerçeğinden yola çıkılırsa, tüm bu yapıların deprem performanslarının 
güçlendirilmesi, yapıların iyileştirilmesi, can ve mal güvenliği açısından 
düşünüldüğünde bir zorunluluktur. Ülkenin bu oranda bir güçlendirme ve 
iyileştirmeyi kaldırabilecek ekonomik yeterliliklerden uzak olduğu ve ekonomik 
şartlar sağlansa bile bu denli büyük bir güçlendirme çalışmasında insanların 
konaklamalarında problem çıkacağı düşünüldüğünde, uygulama açısından basit, 
ekonomi açısından ucuz ve güçlendirme açısından başarılı bir güçlendirme tekniğinin 
gerekliliği ortadadır.  
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Yapılacak deneysel bir çalışma ile, donatıları korozyona uğramış betonarme 
kolonların güçlendirilmesi adına basit yöntemlerin bulunması amaçlanmış, elde 
edilecek deneysel sonuç veritabanları ile bu alanda ortaya çıkan sorunları çözmek 
adına inşaat mühendisliğine katkı yapılması istenmiştir. Korozyonun global bir 
problem olduğu göz önüne alındığında bulunacak basit bir yöntemin tüm dünyada 
ekonomik ve uygulanabilir bir sonuca sahip olacağı kesindir.  
Bu çalışmada kullanıcı dostu ve ucuz yöntemler öner sürülerek uygulanabilir basit 
yöntemler denenmiş ve deprem yüklemesine benzer bir yüklemeyle deprem 
performansları denenmiştir. Bu çalışma için 6 adet numune hazırlanmıştır. Deney 
için üretilmiş numuneler tipik normal dayanımlı yapısal kolon elemanlar olarak 
tasarlandılar. Türkiye’de kullanılan en son yönetmeliklerden yararlanılarak, 28 
günlük beton basınç dayanımı 25 MPa olan betona ve nervürlü donatılara sahip, 
yönetmeliğe uygun enine ve boyuna donatı detayları olan numuneler tasarlanmış ve 
uygulanmıştır.  
Deneysel çalışma için hazırlanan 6 numune tamamen aynı koşullar altında hazırlandı 
ve ülkede çok sık karşılaşılan korozyon problemini modelleyebilmek adına 
numunelerden 1’i referans olarak ayırılarak geri kalanı hızlandırılmış korozyona 
maruz bırakıldı. Hızlandırılmış korozyona maruz bırakılan bu kolonlarda korozyona 
bağlı donatı boyunca çatlaklar ortaya çıktı ve numunelerin çoğunluğunda korozyon 
hasarları oluştu. Referans dışında geriye kalan 5 kolondan bir diğeri korozyonlu 
referans numunesi olarak ayrıldı ve güçlendirme yapılacak kolonlar için öncelikle 
korozyon hasarlı dış beton temizlendi, ardından ortaya çıkarılan donatılar mekanik 
temizleyicilerle temizlendi. Bu işlemin ardından korozyon sonucu ortaya çıkan kesit 
kayıpları hesaplandı ve en büyük kesit kayıplarının kolon-temel birleşimindeki 
donatı kesitlerinde ortaya çıktığı görüldü. Tüm bu korozyonlu kesitler kaynak ile 
doldurularak tamir edildiler. Ardından bir numune de birleşimlerdeki korozyonun 
kaynakla doldurulmasının performansa etkisini incelemek için ayırılırken geriye 
kalan 3 adet, kolon-temel birleşiminde bulunan korozyon hasarı nedeniyle donatı 
kesitleri kaynakla doldurulmuş, numune farklı güçlendirme teknikleriyle 
güçlendirildiler. Birinci numune de kolon içerisinde bulunan kolon ve filiz 
donatısının birlikte çalışmasının etkisini incelemek amacıyla kolon ve filiz donatıları 
tamamen birbirine kaynaklandı. İkinci bir numune de eski korozyon hasarlı 
donatıların yanına 4 adet yeni önceki filiz donatılarıyla aynı çapta ve özellikte 
nervürlü donatı ankre edildi ve donatı eklemenin davranışa etkisi incelendi. Son 
numune içinse filiz ve kolon donatılarının sıyrılma bölgesindeki alanlarına mekanik 
delicilerle her 1 cm’de bir korozyona benzer ufak oyuklar açıldı ve test sırasında 
akma bölgesinin bir oyuktan diğerine yer değiştirerek sünekliği artırıp artırmayacağı 
denendi. Tüm numuneler sabit eksenel yük ve tekrarlı tersinir eğilme etkileri altında 
dayanımlarının büyük kısmını kaybedene kadar test edildiler. Deney sonucunda 
deprem etkisi altında performansı incelenen numunelerde bir takım davranış 
karakteristikleri(dayanım-yer değiştirme grafikleri, moment-eğrilik ilişkileri, kalıcı 
yer değiştirme düzeyleri, donatılarda oluşan şekil değiştirme değerleri ve süneklik 
kaybı değerleri) belirlendi. Korozyona uğramış ve daha sonra kesit kayıpları kaynak 
kullanılarak doldurulan donatıların, numune donatılarında deney öncesinde bulunan 
maksimum kesit kayıplarının bulunduğu yerlerden koptuğu, tüm hasarlarında bu 
bölgelerde yoğunlaştığı deney sonuçlarından ve deney sonrasında yapılan otopsi 
çalışmalarından gözlemlenmiştir.  Korozyona uğrayan referans numunesiyle, 
korozyona maruz bırakılmamış referans numunesi karşılaştırıldığında, düşen plastik 
mafsal uzunluğuna, donatılarda yer alan kesit kayıplarına ve beton üzerinde oluşan 
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çatlaklara bağlı olarak yer değiştirme ve enerji yutma kapasitesinin önemli ölçüde 
düştüğü gözlemlenmiştir. Basit yöntemlerle güçlendirmeleri yapılmış numunelerin 
davranışlarında gözle görülür bir davranış değişiminin ortaya çıkmadığı görülmüştür. 
Maksimum kesit kaybına sahip bölgeleri kaynaklamanın deprem performansına bir 
etkisinin olmadığı, donatıların yine aynı yer değiştirme mesafesinde aynı bölgelerden 
koptuğu gözlemlenmiştir. Korozyona uğramış donatıların yanlarına yeni donatı 
ankraj edilen numune de başlangıçta yeni donatıların etkisiyle dayanımda bir artışın 
ortaya çıktığı fakat dış betonun ezilmesi ve dökülmesiyle beraber dayanımda büyük 
bir düşüşün yaşanarak düşük yer değiştirme kapasitesinde hasara uğradığı ortaya 
çıkmıştır. Ayrıca filiz ve kolon donatılarını kaynaklamanın çok az bir dayanım artışı 
sağladığı fakat yer değiştirme kapasitesi açısından herhangi bir yarar sağlamadığı 
gözlemlenmiştir. En son donatıları üzerinde oyuklar açılan numunede yapılan 
inceleme ve hesaplarda, numune dayanımının artmadığı fakat plastik mafsal boyunun 
oluşturulan oyuklarla uzatılarak öteleme kapasitesinin artırıldığı tespit edilmiştir. Bu 
sebeplerden bu çalışmada ortaya çıkan sonuçlardan basit güçlendirme yöntemleriyle 
herhangi bir dayanım yada öteleme kapasitesi artışı yapılamadığı buna rağmen enerji 
yutma kapasitesi ve süneklik değerlerinde de bir artışın ortaya çıkmadığı 
söylenebilir.  
Çalışmanın sonuçlarına bakıldığında kullanılan basit iyileştirme yöntemlerinin 
dayanım ya da öteleme kapasitesi açısından bir iyileştirme sunmadığı ve bunun 
nedeninin de donatılarda korozyon hasarına bağlı erken kopma olduğu tespit 
edilmiştir. Gelecek çalışmalarda bu problemin çözümüne yönelik çalışmalar 
yapılmasına olanak tanıması nedeniyle elde edilen bilgilerin tüm betonarme 
yapılarda ortaya çıkan korozyon problemini çözmesi adına büyük yararlarının olduğu 
aşikardır.  
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1. INTRODUCTION 
The corrosion of reinforcement is one of the most significant deterioration 
mechanisms, which affects the seismic behavior and service life of existing 
reinforced concrete (RC) structures. Recent increasing attention to the corrosion of 
reinforcing steel in concrete is caused by the great number of existing reinforced 
concrete (RC) structures, which are constructed obeying the current seismic design 
codes and have corroded reinforcing bars. The seismic behavior of RC members with 
corroded reinforcing bars have been studied by several researchers (Rodriguez et al. 
1997, Lee 1998, Mangat and Elgarf 1999, Pantazopoulou et al. 2001, Bae et al. 2005, 
Soudki et al. 2007), whereas the reversed cyclic loading conditions were studied only 
by (Bousias et al. 2004, Goksu et al. 2009, Goksu 2012, Kalyoncuoglu et al. 2012) 
according to the best knowledge of the authors.  
In this study, six cantilever RC columns were constructed for representing structures 
complying recent codes. The specimens were delebrately subjected to accelerated 
corrosion process. They rehabilitated by five different low cost methods. Then, the 
specimens were tested under reversed cyclic lateral and constant axial loads for 
investigating the seismic behavior of corrosion damaged RC columns before and 
after rehabilitation.  
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2. CORROSION 
Corrosion is a phenomena in which an electrochemical reaction between a metal and 
its environment produces a deterioration of the material and its properties 
(ASTMG15-04). 
2.1 Reinforced Concrete and Corrosion 
The high-alkaline environment in concrete protectes reinforcing steel from corrosion 
by creating a tightly adhering film that passivates the steel, which reduces the 
corrosion rate to an insignificant level. Corrosion of steel can occur if the concrete 
does not resist the ingress of corrosion causing substances or the structure that not 
designed suitable for the environment. 
 The composition and availability of the pore solution in concrete are the controlling 
factors of corrosion of the reinforcing steel rather than the concrete itself. The 
components of the concrete determine the pH of the pore solution, the total porosity, 
and the pore-size distribution. 
When portland cement hydrates, the calcium silicates react with water to form 
calcium silicate hydrates and calcium hydroxide [       ]. The         provides 
alkali surrounding (pH level at 12.5~13.0) in pore solution which has better 
protection against corrosion for the pore solution. The main hydration reactions of 
cement can be shown as follows: 
2(3CaO.SiO2 ) + 6H2O→3CaO.2SiO2.3H2O+ 3CaO(OH )2                                                     (2.1a) 
2(2CaO.SiO) + 4H2O→3CaO.2SiO2 .3H2O +CaO(OH)2                                                               (2.1b) 
The other factors beside pH that affect the corrosion in concrete are the 
watercementitious materials ratio, aggregate, curing conditions and corrosion 
inhibitors (ACI-222R-01, 2001). 
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2.2 Effects of Corrosion on Structural Capacity of Reinforced Concrete 
The effects of corrosion on structural capacity of reinforced concrete depend on the 
type of the reinforcing bar. The contribution of friction to bond is the major 
component of strength when slip occurs in plain round bars, while bond comes to 
depend principally on the bearing and mechanical interlock between ribs rolled on 
the surface of the bar and the surrounding concrete under increasing slip in ribbed 
bars (CEB-FIB, 2000). 
Corrosion affect bond strength by increasing the diameter of a corroding bar, radial 
stresses between the bar/and the surrounding concrete and the frictional component 
of bond. At subsequent stages, corrosion leads to development of longitudinal 
cracking and a reduction in the resistance to the bursting forces generated by bond 
action. Corrosion products at the bar/concrete interface affect friction at the interface. 
Corrosion reduces the heigth of the ribs of a deformed bar above the bar core. The 
layer of corrosion products formed by oxidation of the steel force the concrete away 
from the bar and reduce the effective bearing area of the ribs which causes 
disengaugement of the ribs and concrete (CEB-FIB, 2000). 
2.3 Corrosion Products 
The iron hydroxides have a much larger specific volume than the steel (Figure 2.2) 
and exert substantial expansive stresses on the surrounding concrete (ACI 222R-01, 
2001). Following the exhaustion of the tensile strain capacity of concrete, 
longitudinal cracks develop (CEB-FIB, 2000). Consequently, the cross-sectional area 
of the reinforcing steel is reduced. With time, structural distress may occur either 
because of loss of bond between the reinforcing steel and concrete due to 
deterioration (ACI 222R-01, 2001). 
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3. OVERVIEW OF LITERATURE 
Several researchers have surveyed numerous low-cost methods for rehabilitation of 
normal strength RC columns (Issa et al. 2005, Triantafillou et al. 2009, 
Apostolopoulos et al. 2007, Ilki et al. 2012). This section arranged to collect 
experimental and analytical studies from the literature. Many studies have been done 
outside of turkey and consequently most of the typical Turkish structures were not 
taken into consideration. These studies are on the effect of rehabilitation methods on 
the mechanical properties of RC columns, the flexural behavior of RC members with 
corroded reinforcement, and the effect of welding on mechanical properties of 
reinforcement steel bars. 
Apostolopoulos et al. (2007) studied the impact of corrosion on the mechanical 
behavior of welded splices of reinforcing S400 and S500c in tension and 
compression. The mechanical behaviors of welded splices in tension are different 
from in compression and depend strongly on the level of corrosion of the S400 bars. 
Lap-welded joints of noncorroded S400 and B500c steel bars in tension will most 
likely fail on the B500c specimen. However, an increase in corrosion level of S400 
will transfer the failure on the corroded bar. In addition and even though, the 
maximum sustained force presents a small reduction to the elongation at maximum 
force that was reduced considerably. Lap-welded joints of corroded and noncorroded 
S400 with noncorroded B500c steel bars in compression, will always fail on the 
S400 specimen. Corrosion and lap welding of reinforcing steel are the main reasons 
for the degradation of the mechanical characteristics, the behavior of which varies 
according to the material, the location of failure and the maximum elongation. 
Issa et al. (2005) investigated effect of welding splices of reinforcing bars to each 
other. The welding process had done on two-ϕ6  19mm bars by permanent brand 
welding electrodes of Ø2×300mm in effective weld size of 0.85. The specimens were 
tested under tensile and comparison is based on the weld strength, weld length and to 
obtain minimum values for development length. For bars less than 14mm diameter, 
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lap splicing is more economical than welded splices while for bars greater than 
14mm diameter, welded splices are economical.  
Triantafillou et al. (2009) investigated flexural strengthening of reinforced concrete 
columns with stainless steel bars. The specimen was strengthend with two 12 mm 
diameter deformed stainless steel reinforcing bars were placed in 20 x 20 mm (0.79 x 
0.79 in.) square cement-based mortar grooves. The writer believes that stainless steel 
reinforcement is a viable solution toward enhancing the flexural resistance of RC 
columns subjected to seismic loads with proper design, which should combine 
compulsory NSM reinforcement with local jacketing at column ends; it seems that 
column strength enhancement does not develop at the expense of low deformation 
capacity. 
Ilki et al. (2012) studied on the rehabilitating of low strength corrosion damaged RC 
columns by using FRP sheets. The specimens were in 20*30*140 cm dimensions and 
were rehabilitated by repair mortar, 1 and 2 plies of FRP sheets which were wraped 
continuously. They drawed out that a certain level of corrosion causes increase of 
friction between the bars and concrete leading to better bond and enhanced strength, 
Rehabilitation of corrosion damaged column with repair mortar enhanced the 
strength of the damaged column significantly, whereas ductility was only slightly 
improved,  
The effect of the weakened bond between steel and concrete was researched by 
Castel et al. (2000). The simulation of bond-loss was performed by creating local 
notch in steel cross-section that simulates pitting corrosion attack. Local reductions 
of crosssections performed increase by 10% in the ultimate strength but showed 50-
70% ductility loss. Ductility loss seems to be more dependent on the presence of the 
notch than its depth. The phenomenon can be due to a partial yielding of the steel 
crosssection at the notch tip (stress-concentration) until the total cross-section 
reaches its elastic limit, a premature rupture of the bar occurs when all the cross-
section reaches the elastic limit, a large part of yielding reserve is already consume at 
the notch tip. 
Youlin et al. (2003) researched over numerous materials involving effect of 
corrosion on the yield strength, tensile strength and elongation rate of several forms 
of steel bars (hot rolled bright steel bar, hot rolled ribbed steel bar, cold finishing 
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steel bar, high strength steel wire and tyre cord) which are artificially corroded and 
taken out from actual structures. The hot rolled steel bar is found to be the most 
corrosion-resistant due to inner stress arised from secondary processing. Because of 
its small diameter the steel bar corrodes faster, the smaller diametered steel bar has 
relatively larger reduction in section under same corrosion depth. The experiments 
have shown that corrosion does not have an apparent impact on the stress-strain 
constitutive relation of all tested grades except hot rolled bright specimens, but a 
tendency for reduced ductility. The area of steel bar without corrosion is used to 
calculate the strength in order to make an objective comparison for impact on the 
strength of loaded steel bar by corrosion. The yield and tensile strength of bars had 
reduced by the corrosion. Corrosion has impact that is more apparent on ductility 
than strength. Corroded hot rolled steel bar has relatively smaller reduction in 
ductility with respect to other specimens. The experiments with corroded steel bars 
taken from actual structures showed a reduction in strength, shorter yield step, 
smaller deformation limit, smaller yield-tensile ratio and yield close to tensile 
rupture. The authors mentioned that the results show a discrete distribution of 
reduction in strength and different amplitude of yield strength and tensile strength. It 
is also evident that experiment has errors, the test pieces are dispersed and it is hard 
to find out a quantitatively apparent rule for evaluation of strength after corrosion. 
In the study of the Cairns et al. (2005), the effect of corrosion on mechanical 
properties of reinforcing bars had investigated through physical tests on bars with 
simulated and real corrosion damage and through a numerical model. Plain and 
deformed bars had subjected to accelerated corrosion process and tested under 
uniaxial tension. From the tests, it is drived out that the loss of ductility is 
significantly more than the loss in yield strength with increasing corrosion. 
 Apostolopoulos and Michalopoulos (2006) studied the impact of corrrosion on mass 
loss, high and low cycle fatigue properties of Bst500s steel which is used extensively 
in Greece between 1990 and 2005. 12 mm diameter steel bars were subjected to 
accelerated corrosion process and tests were carried out low and high cycle fatigue 
levels. The results of the experiments have shown that as the corrosion level 
increases the strength properties (yield and fracture points) and the ductility 
properties (energy density and elongation to fracture) decrease. 
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An experimental investigation carried out by Apostolopoulos (2008) on B500c 
deformed steel reinforcing bars of 8, 12, 16 and 18 mm diameter that artificially 
corroded. The mechanical properties had evaluated in terms of nominal and effective 
yield and ultimate stress. The nominal yield stress calculated as the ratio of the load 
capacity divided by the initial non-corroded cross-sectional area of the steel bars 
while the effective yield stress calculated as the ratio of the load capacity divided by 
the true cross-sectional area of the corroded specimens. Nominal yield stress, 
effective yield stress, nominal ultimate stress, effective ultimate stress, uniform 
elongation and energy density decreases as the corrosion increases. For the 
specimens with smaller diameters, the degradation rate of the uniform elongation and 
the energy density due to corrosion was higher because the same amount of pits and 
notches that are present in the smaller diameters create greater damage, since they 
occupy greater percentage of surface area for equal corrosion durations. 
Apostolopoulos and Papadakis (2008) investigated the tensile behavior of artificially 
corroded Class Bst420 reinforcing bars, which were using in Greece between 1960 
and 1990. Apparent stress is calculated as the quotient of the load capacity divided 
by the initial, uncorroded section of the steel bars, while effective stress is calculated 
as the quotient of the load capacity divided by the true cross-section of the corroded 
specimens, which is calculated as a function of mass and length of specimens. 
Apostolopoulos and Papadakis (2008) mentioned that stress, which is, applied to bars 
increases due to corrosion and this increase in stress, reduces the safety factors taken 
for the properties of the reinforcing steel. The reduction of the cross-section of a 
reinforcing bar reduces the moment of inertia and hence the maximum buckling 
loads of the steel bar. According to the test results, effective yield stress remain 
constant while apparent yield stress decreases with the increasing corrosion. 
Effective and apparent ultimate stress decreases as the corrosion increases. 
According to the test results of reinforcing bars (ϕ10) embedded for years in real 
structures and exposed in natural corrosion, a small amount of corrosion has 
proportional effect on yield and ultimate stress, an exponential effect on elongation 
to failure and energy density. 
In the study of the Graeff et al. (2008), section loss of reinforcing bars at different 
corrosion levels is investigated. 3D scanner is used in determining the section losses 
of reinforcing bars. According to the results of the investigation, consideration of the 
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loss of section of the reinforcing bars in the assessment of reinforced concrete 
structures is emphasized. 
Bousias et al. (2002) carried out flexural tests on cantilever columns of 250 mm×500 
mm with 18 mm diameter longitudinal bars and 8 mm smooth transverse bars at 200 
mm. The specimens, which were subjected to accelerated corrosion process, were 
tested under constant axial load and reversed cyclic loading after retrofitting with 
fiber reinforced polymers (FRP). It has observed from the tests that FRP retrofitting 
does not increase the strength of the columns, however improves the deformation 
capacity of the columns significantly. 
Mangat and Elgarf (1999) carried out flexural tests on beams of 150 mm×100 mm 
cross-section and 910 mm long with 10 mm diameter deformed bars and 6 mm 
transverse bars at a spacing of 70 mm. The specimens, which were subjected to 
accelerated corrosion process, were tested under four-point bending. From the tests, 
the flexural load capacity and deflection of beams decreased significantly due to the 
reduction in cross-section of reinforcing bars and loss of bond. 
3.1 Hypothesis  
It is inferrable from the literature review, that it is possible to use new and low cost 
methods instead of expensive methods to heal the several properties of the 
specimens. For example, the rehabilitation of one of the specimens is possible by 
welding the starter and longitudinal bars, in order to increase the strains transfer from 
starter bar to longitudinal bar. Also recovering the most corroded portion of 
reinforcing bar by welding, which occures in the interface of column and footing of 
columns and is the place of maximum moment as learned from Issa et al (2005) and 
Apostopoulos et al (2007). They believed that it is much better to weld longitudinal 
and starter bars in diameter greater than 14mm to increase compression strength. It 
seems that anchoraging steel rebars according to triantafilou (2009) enhances the 
flexural behavior of columns and one can use it by a peoper design. It can be choosed 
to recover the unconfined part of the RC column, using high strength cement based 
repair morter to increase the flexural strength of the specimens (Kalyoncuoğlu et al. 
2012).  
 
10 
 
 
 
 
 
 
 
11 
 
4. EXPERIMENTAL DESIGN 
4.1 Desig of Specimens 
The RC column specimens represent the construction in compliance with recent 
seismic design codes. Six rectangular columns were cast with cross-section 
dimensions of 200×300 mm. The height of all columns was 1400 mm and a footing 
size of 700×700×500 mm supported the columns. The mean compressive strengths 
were 25.5 MPa. Clear cover was 20 mm from the transverse bar. The geometric 
longitudinal steel reinforcement ratio and volumetric ratio of transverse bars were 
1% and 0.88%, respectively. Two different types of reinforcing bars were used. S420 
deformed bars with a diameter of 14 mm (measured diameter 13.80 mm) which had 
an average yield strength of 460 MPa were used as longitudinal bars and S420 
deformed bars with a diameter of 8 mm (measured diameter 8.22 mm) which had an 
average yield strength of 486 MPa were used as transverse bars. The spacing of 
transverse bars at the measuring zone is 100 mm. Axial load capacity of the columns 
is calculated by Eq. (4.1) and Eq. (4.2) which is ≈18% (≈282000 N) of column axial 
load capacity. The weight of test setup, which is used to apply axial load to the 
column spaceimen, is 3841 N.    is design axial force ratio 
                                                   =      .b.h 
                                                      =0.187 25.5 200 300=285841 N                       (4.1) 
The axial load that should be applied by jack at the top of the column specimen  
                                                     =285841-3841=282000 N                                 (4.2) 
 
4.2 Shear Strength 
Shear strength model from TS500 (2000) is selected for shear strength determination 
of the uncorroded specimen. 
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The concrete contribution to shear strength is given by Eq. (4.3). 
  =0.8                                                                                                                    (4.3) 
   =0.65     b  (h-dˈ). (1+γ 
 
   
)                                                                              (4.3a) 
   =0.65 1.76 200 (300-35.1)  (1+0.07 
      
       
) =80550 N 
   =0.35 √                                                                                                             (4.3c) 
   =0.35 √    =1.76 MPa 
In case of axial compression, γ is taken as 0.07 (TS 500, 2000). 
  =0.8 80550=64440 N 
Total shear strength is calculated by Eq. (4.9). 
  =  +                                                                                       (4.4) 
The contribution of transverse reinforcement is calculated as follows: 
  =
   
 
.   .d                                                                                (4.4a) 
  = 
         
   
 486.(300-20-(
    
 
))=142310 N 
  =142310+64440= 206750 N 
Therefore, because of    >    the specimens are expected to fail in flexure before 
they reach shear strength. 
 
The shear strength determination of the corroded specimens with minimum cross 
section of 9.85mm (instead of 13.9mm) and 6.35 (instead of 8.22) for longitudinal 
and Transverse reinforcements, respectively: 
   =0.65 1.766 200 (300-31.275)  (1+0.07 
      
       
) =81713 N 
  =0.8 81713=80653 N 
 
  = 
         
   
 486.(300-20-(
    
 
))=85214 N 
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  =81713+80653= 162365 N 
Therefore, the corroded specimens are expected to fail in flexure before they reach 
shear strength. 
 
4.3 Calculation of lap splice length for the specimens (TS500,2000) 
According to TS500 (2000), lap splice length can be determined by using the design 
yield strength of the reinforcing bar (fyd) and the design tensile strength of the 
concrete (fctd).Lap splice length,   , is directly related with the anchorage length,   , 
and can be calculated by Eq. (4.5) according to TS500 (2000).  
                                  =c                                                                                         (4.5) 
c = 1.5 if all lap splices are formed at the same section. 
The anchorage length (  ) for deformed reinforcing bars is calculated by Eq. (4.5a). 
  = 0.12  
   
    
                                                                                                        (4.5a) 
   = 460 MPa 
    
   
    
= 400 MPa                                                                                             (4.5b) 
  = 25.5 MPa 
   = 0.35 √  = 0.35  √    = 1.76 MPa                                                                (4.5c) 
   = 0.12  
   
   
 
  = 0.12 
   
    
= 27 
  = 1.5 22= 40 
 
Lap splice lengths for the specimens were constructed as 40ϕ. 
 
14 
4.4 Test setup 
4.4.1 Testing Procedure 
All specimens were tested at Istanbul Technical University Structural and 
Earthquake Engineering Laboratory. 
All specimens were tested under constant axial and reversed cyclic lateral loads.The 
transverse load was applied at the tip of the specimen, approximately at 1200 mm 
height from the base of the column with a MTS hydraulic actuator of 250 kN 
capacity. An axial load of 282 kN (≈18% of column axial load capacity) was applied 
through a jack at the top of the columns for the specimens. The footings of the 
column specimens were fixed to the laboratory strong floor using high strength 
prestressed bars. The axial load was applied via two 6-wire-strand post tensioning 
tendons. The tendons passed through steel beam between the two sides of the 
column. At the top of the column, the tendons were attached to an another steel beam 
which allowed the tendons to be loaded by a centrally located post tensioning jack. 
The load was measured by load cell, which was located on the jack. The specimens 
were tested under constant axial load and reversed cyclic flexure. The experimental 
test setup of the specimens is shown in Figure 4.1. Following the anchorage of the 
specimen on the adaptor footing, vertical lines were drawn every 50 mm on the 
surface of the specimens to observe the crack pattern. The cracks formed due to 
corrosion and/or shrinkage was marked on the surface of the specimens. Ten mm 
diameter holes were drilled at 20 mm, 150 mm and 300 mm above the footing for 
mounting the LVDTs that were used to measure the displacement and calculate the 
moment-curvature relationships. The steps for the preparation of the specimen for the 
test can be seen in Figure 4.2. 
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Figure 4.1: Test setup. 
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a)  b)  
Figure 4.2: Preparation of specimen for the test: (a) Vertical lines were drawn in 
every  50 mm on the surface to observe the crack pattern (b) Axial load 
setup and placement of post tensioning tendons. 
 
4.4.2 Instrumentation 
Instrumentation of the specimens was a combination of TML transducers, FLA-3-11- 
3LT, PL-60-11-1L, HBM-K-LY41-6/120-3-3M group straingauges, TML load cell 
and the interior load cell and interior transducer of MTS actuator. The data of these 
instruments reached TML TDS 303 data logger through TML ASW-50C switch box.  
 
For evaluating the average curvature values of the specimens, six LVDTs were 
placed vertically paralel to the column measuring in 20 mm, 150 mm and 300 mm 
gauge lengths. Two of six LVDTs were CDP50 while four of six LVDTs were 
CDP25 type. For measuring the lateral displacement of the column, two LVDTs 
were placed horizontally at the mid (CDP100) and tip (SDP200) of the column 
length. Two of three LVDTs were placed on the footing for measuring the possible 
rotations, and one of three LVDTs was placed horizontally at the mid of the footing. 
The locations of the LVDTs are shown in Figure 4.3. 
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Figure 4.3: The location of the LVDTs. 
Straingauges were used to monitor strain development and strain profiles in the 
longitudinal and transverse reinforcement. The preparation of the surfaces of the 
reinforcing bars for adhering the straingauges are shown in Figure 4.4. The location 
of the straingauges at the starter, longitudinal and transverse bars are shown in Figure 
4.5. The straingauges were also placed on starter bars to footing interface to allow 
the strain profile across the column to be monitored and check if the longitudinal 
reinforcement reached yield limits or not. The straingauges were adhered on the 
reinforcing cage of the specimens before casting. The surfaces of the reinforcing bars 
were cleaned from rust with grindstone, and then with aceton. Straingauges were 
adhered to these surfaces with cyanoacrylat based adhesive. Before the straingauges 
were wrapped with an VM-tape isolation strap and one ply of insulated band, N-1 
(water resistant material) was applied on the straingauges. The notes that specified 
the locations and the types of the straingauges were attached at the tip of the cables 
of the straingauges. 
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a)  b)  
c)  d)  
Figure 4.4 : (a) Cleaning the surfaces of the reinforcing bars from rust with grindstone, (b) 
Gluing the straingauges on the reinforcing bars, (c) Application of the 
isolation material (N-1), (d) Wrapping with VMtape isolation strap. (Goksu, 
2012) 
Four straingauges were glued on the transverse bars; three straingauges were glued 
on each of the longitudinal bars and starter bars. 
 
Figure 4.5: The location of the straingauges. 
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4.4 Loading History 
A displacement based loading history was used for all specimens. To simulate the 
seismic actions, reversed lateral displacements were applied for pulling and pushing 
cycles to the specimens. Drift ratios (d/L) were calculated as the ratio of the lateral 
displacement of the tip of the column (d), to the column length (L). Loading history 
of the specimens is shown in Figure 4.6. The loading history was composed of 
excursions at certain drift ratios (±0.0010 (±1.2 mm), ±0.0025 (±3.00 mm), ±0.0050 
(±6.00 mm), ±0.0075 (±9.00 mm), ±0.0100 (±12 mm), ±0.0150 (±18 mm), ±0.0200 
(±24 mm), ±0.0250 (±30 mm), ±0.0300 (±36 mm), ±0.0350 (±42 mm), ±0.0400 (±48 
mm), ±0.0450 (±54 mm), ±0.0500 (±60 mm), ±0.0600 (±72 mm), ±0.0700 (±84 
mm), ±0.0800 (±96 mm)) for pulling and pushing cycles. 
a) b)  
Figure 4.6: Loading history of (a) the X49-M-P specimen, (b) the X49-M-W2 
specimen. 
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5.  SPECIMEN PREPARATION 
Six symmetrically reinforced cantilever RC columns were constructed by using 
normal strength concrete and deformed reinforcing bars. The average compressive 
strength and modulus of elasticity at the time of testing were 25.5 and 23000 MPa, 
respectively.Concrete mix-proportion of concrete is presented in Table 5.1. The 
average mechanical characteristics of deformed 14 mm diameter longitudinal and 8 
mm diameter transverse bars are given in Table 5.2. 
 
Table 5.1: Concrete mix constituents for the columns [kg/m
3
] 
Crushed 
sand 
(0-4 mm) 
Coarse 
Aggregate 
No.1 
(4-16 mm) 
Coarse 
Aggregate 
No.2 
(8-22 mm) 
Natural 
sand 
Cement Water Ash 
Air 
entrainment
% 
487 510 511 369 315 159 40 1.8 
 
Table 5.2: The mechanical characteristics of reinforcing bars 
Reinforcing 
bars 
fy  
(MPa) 
εy fmax  
(MPa) 
εmax fu 
(MPa) 
εu 
S
4
2
0
 Φ14 460 0.0022 724 0.0926 652 0.1156 
Φ8 486 0.0023 755 0.0785 681 0.1343 
 
In this table; fy, fmax, fu are yield, maximum and ultimate tensile stresses, and εy, εmax 
and εu are the tensile strains corresponding to fy, fmax and fu, respectively. The 
geometric longitudinal steel reinforcement ratio and volumetric ratio of transverse 
bars were 1% and 0.88%, respectively. The geometry and reinforcement details of 
the specimens are presented in Fig. 5.1a.  
The specimens were subjected to accelerated corrosion process except. The corrosion 
process was artificially accelerated through addition of calciumchloride in the mixing 
water, and application of a fixed potential of six volts to the reinforcement after 
casting, as well as spraying a calcium-chloride solution externally. The crack pattern 
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of specimens due to corrosion is presented in Fig. 5.1.b. The main features of the 
specimens are shown in Table 5.3. 
 
a)  
b)  
Figure 5.1: a) The reinforcing cage of the specimens, b) Patterns of cracks due to 
corrosion after accelerated corrosion process. 
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c)  
Figure 5.1: c) The schematic drawing of column.  
 
The specimens represent half of the actual columns in the buildings. As it can be 
seen from the figure 5.1.c. the heigth of column represent the length between 
maximum and zero of moment diagram.    
In the notations of the specimens, the first term denotes the cross-section loss (X) on 
the reinforcing bar. The cross-section loss percentage was determined by dividing the 
difference between the original cross-section and existing cross-section area to the 
original cross-section area. The existing cross-section area is the area of the existing 
diameter of the reinforcing bar which is determined by dividing all the bars into 10 
mm long pieces and measuring each 10 mm long piece of four longitudinal bars both 
in 0º and 90º directions with caliper after mechanical cleaning of rust on reinforcing 
bars due to corrosion. Then the minimum diameter (maximum loss) of these 
measured diameters was accepted as the existing diameter of the reinforcing bar. The 
second and third term denotes the rehabilitating procedure (W:Welding, M:Mortar).  
 
The specimen, denoted as X49-REF, was subjected to accelerated corrosion process 
(cross-section loss of 49%) and tested without any rehabilitation  application.  
It is also important to note that the cross-section losses (pits) of starter bars of all 
specimens, except the specimen X49-REF, were recovered by filling the cross-
section losses with welding at the maximum moment section, which is finally within 
the diameter of the original cross-section. The cover concrete which damaged by  
corrosion was removed, then the removed concrete cover was formed again by a 
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layer of cement based structural repair mortar, which was applied over the internal 
reinforcement.  
The specimen denoted as X49-M (cross-section loss of 49%) was rehabilitated by 
filling the must corroded portion by welding which is located on the interface of 
column and footing and applying a layer of cement based structural repair mortar 
over the internal reinforcement of the retrofitted specimens. 
The specimen denoted as X49-M-W1 (cross-section loss of 49%) was rehabilitated 
by filling the cross-section losses (pits) of both starter bar and longitudinal bar in 
every 10 mm by welding along the lap splice length, filling the must corroded 
portion by welding which is located on the interface of column and footing and 
applying a layer of cement based structural repair mortar over the internal 
reinforcement of the retrofitted specimens. 
The specimen denoted as X49-M-W2 (cross-section loss of 49%) was rehabilitated 
by welding the starter bar and longitudinal bar each other along the lap splice length, 
filling the must corroded portion by welding which is located on the interface of 
column and footing and applying a layer of cement based structural repair mortar 
over the internal reinforcement of the retrofitted specimens. 
 The specimen denoted as X49-M-A (cross-section loss of 49%) was rehabilitated by 
anchoraging 4 deformed bars in same size of column starter bars into footing along 
the each of starter bars, filling the must corroded portion by welding which is located 
on the interface of column and footing and applying a layer of cement based 
structural repair mortar over the internal reinforcement of the retrofitted specimens. 
The specimen denoted as X49-M-P (cross sectional loss of 49%) was rehabilitated by 
making pits on the cross section of both longitudinal bar and starter bar in every 10 
mm to reach the minimum cross section on the each bar by drilling machine along 
the lap splice length, filling the must corroded portion by welding which is located 
on the interface of column and footing and applying a layer of cement based 
structural repair mortar over the internal reinforcement of the retrofitted specimens. 
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 Table 5.3: Main features of the specimens 
Specimens 
Cross-section 
loss due to 
corrosion (%) 
Rehabilitating procedure 
 
X49-REF 49 - 
X49-M 49 - 
X49-M-W1 49 
Recovered by filling the pits with welding for both 
starter bars and longitudinal bars in every 10 mm 
along the lap splice length 
X49-M-W2 49 
Welding the starter bars and longitudinal bars to each 
other along the lap splice length 
X49-M-A 49 
anchoraging 4 deformed bars in same size of column 
starter bars into footing along the each of starter bars 
X50-A-M 49 
making pits on the cross section of both longitudinal 
bar and starter bar in every 10 mm to reach the 
minimum cross section on the each bar 
 
The repair application stages are presented in Fig. 5.2. As seen in the figure, firstly 
the deteriorated concrete cover was removed until the longitudinal bars were exposed 
for avoiding premature cover spalling off (Fig. 5.2.a). Removal of concrete cover is 
generally the first and essential step of repair intervention in case of reinforcement 
corrosion. The general appearance and the surface condition of a typical corroded bar taken out 
from the column is shown in Fig. 5.2.f. Then, the rust products on the surface of the 
reinforcing bars were cleaned by mechanical cleaning. The most corroded portion of 
starter bar was recovered by welding (5.2.g).The cross-section losses of both starter bars and 
longitudinal bars of the specimen X49-M-W1 were recovered by filling the pits with welding in every 
10 mm along the lap splice length (Fig. 5.2.b). In addition, the starter bars and longitudinal bars of the 
specimen X49-M-W2 were welded to each other along the lap splice length (Fig. 5.2.c). Making 
pits on the each of longitudinal and starter bars were done by drilling machine (5.2.d)   
.As a final step, a layer of high strength cement based structural repair mortar placed 
over core concrete to obtain a flat surface over the internal reinforcement (Fig 5.2.e). 
It should be noted that, all rehabilitation application was carried out within the 
thickness of the original concrete cover.   
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                   a)                b)                     c)                                       d) 
   
                       e)                                     f)                                    g) 
Figure 5.2: a) Removal of cover concrete, b) Recovering the cross-section losses of 
both starter bars and longitudinal bars along the lap splice lengthfor 
specimen, c) Welding the starter bars and longitudinal bars to each other 
along the lap splice length, d) Pitting on the longitudinal and starter bars 
e) Application of cement based structural repair mortar, f) General 
appearance of a typical corroded reinforcing bar of the tested column, g) 
Filling of the most corroded portion of reinforcing bar by welding. 
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                      a)                                       b) 
 
                                           c)                  d) 
Figure 5.3 : a) The schematic drawings  a) Before and b) After the rehabilitation of 
the specimen X49-M-W1, c) Before, d) After rehabilitation of the 
specimen   X49-M-W2. 
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                                                               e) 
Figure 5.3 :e) X49-M-A before and after anchoraging the reinforcing bars into 
footing along the starter bar. (Dimensions are in mm). 
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6.  TEST RESULTS 
6.1 X49-REF 
Specimen X49-REF has horizontal cracks along the transverse reinforcement above 
the footing 100 mm, 450 mm, 550 mm, 750 mm, 850 mm and 950 mm on north side 
and 350 mm, 450 mm, 550 mm, 750 mm and 950 mm on south side of the column. 
Pattern of existing cracks are shown in Figure 6.1. 
Specimen X49-REF has vertical cracks along the longitudinal reinforcement and 
horizontal cracks along the transverse reinforcement. Width, location and orientation 
of the cracks are presented in Table 6.1. Pattern of cracks formed due to corrosion 
are shown in Figure 6.1. 
Table 6.1: Width, location and orientation of the cracks. 
Crack with crack location Crack orientation 
2.3 mm 
2.6 mm 
3.5 mm  
1.9 mm 
Above the footing 
Above the footing 
Above the footing 
Above the footing 
Along the No.1 longitudinal reinforcement 
Along the No.2 longitudinal reinforcement 
Along the No.3 longitudinal reinforcement 
Along the No.4 longitudinal reinforcement 
 
a)    b)  
Figure 6.1: Pattern of cracks formed due to corrosion: (a) South, (b) North. 
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No cracks were observed while loading to target displacements of ±1.2 mm (drift 
ratio 0.10%). 
First flexural crack of 0.8 mm width were observed at north side of the column (A- 
north) during loading to target displacement of 3 mm (drift ratio 0.25%). First 
flexural crack of 1.4 mm width at the interface of the column and footing (A'-south) 
were observed during loading to target displacement of -3.0 mm (drift ratio -
0.250%). The view of the specimen X49-REF after -0.25% drift ratio is shown in 
Figure 6.2. 
a) b)  
Figure 6.2 : a) North, and b) South view of the X49-REF specimen after -0.25% drift 
ratio. 
 
During loading to target displacement of 6.0 mm (drift ratio 0.50%) vertical crack 
(A-south) and flexural crack ( B-south) were observed.  
During loading to target displacement of 9.0 mm (drift ratio 0.75%) flexural cracks 
(C-south, B-north) on the interface of the column and footing were observed. During 
loading to target displacement of -0.9mm (drift ratio -0.75%) flexural crack (Aʹ-
south) on interface of the column and footing were observed. 
During loading to target displacements of 12.0 mm (drift ratio 1.00%) flexural crack 
(C-north) and shear crack (D-south) were observed. During loading to target 
displacements of -12.0 mm (drift ratio -%1.00) propagation of existing cracks (A'-
south, A'-north) were observed. 
During loading to target displacements of 18.0 mm (drift ratio 1.50%) flexural cracks 
(E-south, F-south) were observed. During loading to target displacements of -18.0 
mm (drift ratio -%1.50) vertical cracks (Bʹ-south, Cʹ-south) were observed. The view 
of the specimen X49-REF specimen after -1.50% drift ratio is shown in Figure 6.3. 
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a) b)  
Figure 6.3 : a) North, and b) South view of the X49-REF specimen after -1.50% drift 
ratio. 
 
During loading to target displacements of 24.0 mm (drift ratio 2.00%) shear crack 
(D-north) was observed. During loading to target displacements of -24.0 mm (drift 
ratio -%2.00) propagation of existing cracks (Aʹ-south) were observed and first 
rupture of starter bar was occurred. 
During loading to target displacements of 30.0 mm (drift ratio 2.50%) and -30.0 mm 
(drift ratio -%2.50) propagation of existing cracks (B-north, A-south, C-south) and 
(A'- south) were observed, respectively. The view of the specimen X49-REF after -
2.50% drift ratio is shown in Figure 6.4. 
a) b)  
Figure 6.4 : a) North, and b) South view of the X49-REF specimen after -2.50% drift 
ratio. 
 
During loading to target displacements of 36.0 mm (drift ratio 3.00%) and -36.0 mm 
(drift ratio -%3.00) propagation of existing crack (A'-south) and crushing of  column 
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cover were observed. The view of the specimen X49-REF after -3.00% drift ratio is 
shown in Figure 6.5. 
a)  b)  
Figure 6.5 : a) North, and b) South view of the X49-REF specimen after -3.00% drift 
ratio. 
 
During loading to target displacement of 42.0 mm (drift ratio 3.50%) spalling of 
cover concrete was occured. 
During loading to target displacement of 48.0 mm (drift ratio 4.00%) specimen test 
was ended by decreasing the axial  load. Summary of the seismic behavior of 
specimen X49-REF is shown in Table 6.2.  
Force-displacement relationship of X49-REF is presented in Figure 6.6. In this 
figure, P is applied lateral load. First flexural crack, first vertical crack, yielding of 
starter bar, crushing of concrete cover, spalling of concrete cover, fracture of starter 
bar, maximum strain on the starter bar and maximum strain on the longitudinal bar 
are marked on the figure. As seen from Figure 6.6, strength loss was observed. 
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Table 6.2: Summary of the seismic behavior of X49-REF. 
Drift ratio    
(%) 
δ     
(mm/mm) 
P           
(kN) 
Observation 
0.10 ±1.2 11.2/-14.6 No crack was observed 
0.25 ±3.0 26/-29 
First flexural crack at column-footing 
interface and column surface was observed 
0.50 ±6.0 37.3/-38.4 Flexural cracks were observed. 
0.75 ±9.0 41.7/-41.5 Flexural cracks were observed. 
1.00 ±12.0 43.7/-38.9 Flexural and shear cracks were observed. 
1.50 ±18.0 46/-37 Flexural and vertical cracks were observed. 
2.00 ±24.0 46.1/-28.9 
Shear crack was observed. Propagation of 
existing crack were observed. 
2.50 ±30.0 33.1/-28.5 Propagation of existing cracks were observed. 
3.00 ±36.0 32.9/-27.9 
Propagation of existing cracks were observed. 
crushing of column cover were observed. 
3.50 ±42.0 32.7/-27.1 
Spalling of cover concrete was observed. Test 
was ended by decreasing the lateral load. 
 
 
 
Figure 6.6 : Lateral load versus displacement for the specimen X49-REF. 
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For the observation of distribution of damages, moment-curvature relationships were 
obtained at different gauge lengths at the potential plastic hinge zones (Figure 6.7). 
The calculation of the moment-curvature relationships are performed assuming that 
plane sections remain plain. Moment is calculated by using Eq. (6.1) taking into 
account the second-order effects. In the equation, P is the lateral load, H is the 
column height, N is the axial load, and e is the eccentricity due to horizontal 
displacement of the column, subjected to lateral load, P. 
M = P H + N e                                                                                                        (6.1) 
For the calculation of moment-curvature relationships, the average curvature values 
were obtained in 20 mm, 150 mm and 300 mm above the footing. Curvatures were 
calculated by dividing the obtained strains from the LVDTs to the distance between 
the LVDTs (Eq. (6.2)). 
 x=
     
         
                                                                                                           (6.2) 
Average experimental moment-curvature relationships obtained for critical sections 
of X49-REF are presented in Figure 6.7. 
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Figure 6.7: Moment-curvature relationships obtained for a) 0-20 mm, b) 20-150 mm,                
c) 150-300 mm gauge lengths. 
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curvature values of the member measured in 20-150 mm and 150-300 mm height 
above the support are in the order of 5E-5 (1/mm), while the curvatures measured in 
0-20 mm height are in the order of 3E-3 (1/mm). 
According to figure, it is of interest to note that the damage is accumulated especially 
in 20 mm height of the member from top of the base according to the moment-
curvature relationships. According to the data from the straingauges on the 
longitudinal bars of the X49-REF, the maximum strain while pushing was 0.00058, 
measured from the straingauge at +100 mm above the footing when P=46 kN at 
0.015 drift ratio; the maximum strain while pulling was -0.00119, measured from the 
straingauge at +400 mm above the footing when P=-37 kN at -0.015 drift ratio. 
Strain distribution of the longitudinal bar of X49-REF while pushing and pulling are 
shown in Figure 6.8. The straingauge of the starter bars did not worked. 
a) b)  
Figure 6.8 : Strain distribution of the longitudinal bar of X49-REF a) while pushing, 
b) while pulling. 
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-9.0 mm (drift ratio -0.75%) flexural cracks (B'-south, C'-south) were observed. The 
view of the specimen X49-M after -0.75% % drift ratio is shown in Figure 6.9. 
a) b)  
Figure 6.9 : a) south, and b) north view of the X49-M specimen after -0.75% drift ratio. 
 
During loading to target displacement of 12.0 mm (drift ratio 1.00%) flexural cracks 
(C-north, D-north) and vertical crack (D-south) were observed. During loading to 
target displacement of -12.0 mm (drift ratio -1.00%) shear crack (D'-south) was 
observed. 
During loading to target displacement of 18.0 mm (drift ratio 1.50%) vertical cracks 
(G-north, H-north) and shear cracks (E-north, F-north) were observed. During 
loading to target displacement of -18.0 mm (drift ratio -1.50%) vertical crack (E'-
south), flexural cracks (A'-north, Fʹ-south) and crushing of cover concrete were 
observed. The view of the specimen X49-M after -1.50 % drift ratio is shown in 
Figure 6.10. 
a) b)  
Figure 6.10 : a) North, and b) South view of the X49-M specimen after -1.50% drift ratio. 
38 
 
During loading to target displacement of 24.0 mm (drift ratio 2.00%) propagation of 
existing crack (D-north), vertical crack (I-north) and spalling of cover concrete were 
observed. During loading to target displacement of -24.0 mm (drift ratio -2.00%) 
propagation of existing cracks and cracking of column cover were observed. 
During loading to target displacements of 30.0 mm (drift ratio 2.50%) cracking of 
column cover were observed. During loading to target displacement -30.0 mm (drift 
ratio -2.50%) vertical crack (G'-south) were observed. The view of the specimen 
X49-M after -2.50% drift ratio is shown in Figure 6.11.  
a)  b)  
Figure 6.11 : a) North, and b) South view of the specimen X49-M after -2.50% drift 
ratio. 
 
During loading to target displacement of 36.0 mm (drift ratio 3.00%) propagation of 
existing crack (D-south) was observed. 
During loading to target displacement of 42.0 mm (drift ratio 3.50%) specimen, test 
was ended. The tests ended due to the decrement in the lateral load strength. 
Summary of the seismic behavior of specimen X49-M is shown in Table 6.18. The 
view of the specimen X49-M after -3.50% drift ratio is shown in Figure 6.93. 
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a) b)  
Figure 6.12 : a) North, and b) South view of the X49-M specimen after -3.50% drift 
ratio. 
Force-displacement relationship of X49-M is presented in Figure 6.13. In this figure, 
P is applied lateral load. First flexural crack, first vertical crack, yielding of starter 
bar, crushing of concrete cover, spalling of concrete cover, fracture of starter bar, 
maximum strain on the starter bar and maximum strain on the longitudinal bar are 
marked on the figure. As seen from the figure, strength loss was observed. Average 
experimental moment-curvature relationships obtained for critical sections of NSX16are 
presented in Figure 6.15. 
For the calculation of moment-curvature relationships, the average curvature values, 
which were obtained for the ranges of 0-20 mm, 20-150 mm and 150-300 mm 
heights above the footing, were taken into account. As seen from the figure, the 
curvature values of the member measured in 20-150 mm and 150-300 mm height 
above the support are in the order of 5 10-5 (1/mm), while the curvatures measured 
in 0-20 mm height are in the order of 3 10-3 (1/mm). According to the figure, it is of 
interest to note that the damage is accumulated especially in 20 mm height of the 
member from top of the base according to the moment-curvature relationships. 
According to the data from the straingauges on the starter bars of the, the maximum 
strain while pushing was 0.00802, measured from the straingauge at 400 mm above 
the footing when P=54.1 kN at 0.025 drift ratio; the maximum strain while pulling 
was -0.00195, measured from the straingauge at 400 mm above the footing when P=-
38.8 kN at -0.025 drift ratio. According to the data from the straingauges on the 
longitudinal bars of the X49-M, the maximum strain while pushing was -0.0008, 
measured from the straingauge at 200 mm above the footing when P=55.6 kN at 
40 
0.020 drift ratio; the maximum strain while pulling was 0.00056, measured from the 
straingauge at 200 mm above the footing when P=45.1- kN at -0.01 drift ratio. Strain 
distribution of the starter bars and longitudinal bars of X49-M while pushing and 
pulling are shown in Figure 6.16 and Figure 6.17, respectively. The straingauges did 
not worked properly after 2.5% dift dratio and also we can’t see the yielding of bars 
from them. 
Table 6.3: Summary of the seismic behavior of X49-M. 
Drift ratio    
(%) 
δ     
(mm/mm) 
P           (kN) Observation 
0.10 ±1.2 12.3/-11.1 No crack was observed. 
0.25 ±3.0 23.3/-21.9 No crack was observed. 
0.50 ±6.0 36.2/-34.2 Flexural cracks were observed. 
0.75 ±9.0 45.0/-41.3 Flexural cracks were observed. 
1.00 ±12.0 50.0/-45.1 
Flexural, vertical cracks and cracks in the 
interface of column and footing were observed. 
1.50 ±18.0 55.6/-48.0 
Flexural, shear and vertical cracks and crushing of 
cover concrete were observed. 
2.00 ±24.0 55.6/-40.3 
Shear crack was observed. Propagation of existing 
crack and spalling of cover concrete were 
observed. 
2.50 ±30.0 54.7/-38.7 
Vertical crack was observed. Spalling of concrete 
cover was observed. 
3.00 ±36.0 40.1/-27.9 Propagation of existing crack was observed. 
3.50 ±42.0 38.2/-28.1 
The tests ended due to the decrement in the lateral 
load strength 
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Figure 6.14 : Lateral load/Theoretical load capacity versus displacement for X49-M. 
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Figure 6.15 : Moment-curvature relationships obtained for a) 20 mm, b) 150 mm, c) 
300 mm gauge lengths. 
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A) b)  
Figure 6.16 : Strain distribution of the starter bars of X49-M a) while pushing, b) 
while pulling. 
a) b)  
Figure 6.17 : Strain distribution of the longitudinal bars of LS-X6 a) while pushing 
b) while pulling. 
 
6.3 X49-M-W1 
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crack (A'-south) were observed during loading to target displacement of -12 mm 
(drift ratio -1.00%). The view of the specimen X49-M-W1 after -1.00% drift ratio is 
shown in Figure 6.18. 
a)     b)  
Figure 6.18 : a) North, and b) South view of the X49-M-W1 specimen after -1.00% 
drift ratio. 
 
During loading to target displacement of 18.00mm (drift ratio 1.50%) flexural cracks 
(B-north, C-north) and vertical cracks (D-south, E-south) were observed. During 
loading to target displacement of -18.00mm (drift ratio -1.50%) spalling of cover 
concrete was observed. The view of the specimen X49-M-W1 after -1.50% drift ratio 
is shown in Figure 6.19. 
a)  b)  
 
Figure 6.19 : a) North, and b) South view of the X49-M-W1 specimen after -1.50% 
drift ratio. 
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During loading to target displacement of 24.0 mm (drift ratio 2.00%) flexural cracks 
(F-south, G-south, H-south) were observed. The view of the specimen X49-M-W1 -
2.00% drift ratio is shown in Figure 6.20. 
a)  b)  
Figure 6.20 : a) North, and b) South view of the X49-M-W1 specimen after -2.00% 
drift ratio. 
 
During loading to target displacements of 30.0 mm (drift ratio 2.50%) first flexural 
crack (D-north) at the interface of column and footing, flexural crack on surface (I-
south) and vertical crack (E-north) were observed. 
During loading to target displacements of 48.0 mm (drift ratio 4.00%) and -48mm 
(drift ratio -4.00%) propagation of existing cracks (A-south, D-north) and (Aʹ-north) 
were observed, respectively. 
During loading to target displacements of 60.0mm (drift ratio 5.00%) propagation of 
existing cracks (A-south, D-north) and new vertical cracks (F-north, G-north, H-
north, J-south) were observed. During loading to target displacements of -60.0mm 
(drift ratio -5.00%) propagation of existing cracks (Aʹ-north) and new flexural crack 
at the interface of column and footing (Hʹ-south) were observed. The view of the 
specimen  after -6.00% drift ratio is shown in Figure 6.21. 
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a) b)  
Figure 6.21 : a) North, and b) South view of the X49-M-W1 specimen after 6.00% 
drift ratio. 
 
During loading to target displacements of 72.0 mm (drift ratio 6.00%) and -72.0mm 
(drift ratio -%6.00) propagation of existing cracks and spalling of column cover were 
observed. 
During loading to target displacements of -96.0 mm (drift ratio -%8.00), test was 
ended. The tests ended due to the decrement in the lateral load strength. 
The view of the specimen X49-M-W1 after -8.00% drift ratio is shown in Figure 
6.22. Summary of the seismic behavior of the specimen X49-M-W1 is shown in 
Table 6.4. 
a)   b)                                                       
Figure 6.22 : a) North, and b) South view of the X49-M-W1 specimen after 6.00% 
drift ratio. 
Force-displacement relationship of X49-M-W1 is presented in Figure 6.23. In this 
figure, P is applied lateral. First flexural crack, first vertical crack, yielding of starter 
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bar, crushing of concrete cover, spalling of concrete cover, fracture of starter bar, 
maximum strain on the starter bar and maximum strain on the longitudinal bar are 
marked on the figure. As seen from Figure 6.23, strength loss was observed. 
Average experimental moment-curvature relationships obtained for critical sections 
of X49-M-W1 are presented in Figure 6.24. 
For the calculation of moment-curvature relationships, the average curvature values 
which were obtained for the ranges of 0-20 mm, 20-150 mm and 150-300 mm 
heights above the footing were taken into account. As seen from the figure, the 
curvature values of the member measured in 20-150 mm and 150-300 mm height 
above the support are in the order of 5E-5 (1/mm), while the curvatures measured in 
0-20 mm height are in the order of 3E-3 (1/mm). According to the figure, it is of 
interest to note that the damage is accumulated especially in 20 mm height of the 
member from top of the base according to the moment-curvature relationships. 
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Table 6.4 : Summary of the seismic behavior of X49-M-W1. 
Drift ratio    
(%) 
δ     
(mm/mm) 
P           
(kN) 
Observation 
0.10 ±1.2 11.2/-14.6 No crack was observed 
0.25 ±3.0 26/-29 
First flexural crack at column-footing 
interface and column surface was observed 
0.50 ±6.0 37.3/-38.4 Flexural cracks were observed. 
0.75 ±9.0 41.7/-41.5 Flexural cracks were observed. 
1.00 ±12.0 43.7/-38.9 
Flexural, shear cracks and crushing of cover 
concrete were observed. 
1.50 ±18.0 46/-37 
Spalling of cover concrete, Flexural and 
vertical cracks were observed. 
2.00 ±24.0 46.1/-28.9 
Shear crack was observed. Propagation of 
existing crack were observed. 
2.50 ±30.0 33.1/-28.5 
Propagation of existing cracks were 
observed. 
3.00 ±36.0 32.9/-27.9 
Propagation of existing cracks was 
observed. Crushing of column cover was 
observed. 
3.50 ±42.0 32.7/-27.1 
The tests ended due to the decrement in the 
lateral load strength 
 
 
 
Figure 6.23 : Lateral load versus displacement for the specimen X49-M-W1. 
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Figure 6.24 : Moment-curvature relationships obtained for a) 0-20 mm, b) 20-150 
mm, c) 150-300 mm gauge lengths. 
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strain while pulling was -0.00047, measured from the straingauge at +400 mm above 
the footing when P=-41 kN at -0.0075 drift ratio. Strain distribution of the starter bar 
of X49-M-W1 while pushing and pulling are shown in Figure 6.26. the straingauges 
on the longitudinal bars of the X49-M-W1, the maximum strain while pushing was 
0.00172, measured from the straingauge at 100 mm above the footing when P=52.1 
kN at 0.015 drift ratio; the maximum strain while pulling was -0.00249, measured 
from the straingauge at 100 mm above the footing when P=-29 kN at -0.025 drift 
ratio. Strain distribution of the longitudinal bar of X49-M-W1 while pushing and 
pulling are shown in Figure 6.25. As seen from the figure, the starter bars were 
yielded.Since the the ultimate drift ratio of the test was 3.5% but the staringauges did 
not worked after different drift ratios.  
 
  
a)                                                                 b) 
Figure 6.25 : Strain distribution of the starter bar of X49-M-W1 a) while pushing, b) 
while pulling. 
  
Figure 6.26 : Strain distribution of the longitudinal bar of X49-M-W1 a) while 
pushing, b) while pulling. 
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6.4 X49-M-P 
No cracks were observed while loading to target displacements of ±1.2 mm (drift 
ratio 0.10%), ±3 mm (drift ratio 0.25%). 
First flexural cracks (A-north, B-north, A-south, B-south) and (Aʹ-north, Bʹ-north, 
Aʹ-south, Bʹ-southʹ) were observed during loading to target displacement of 6.0 mm 
(drift ratio 0.50%) and -0.6mm (drift ratio of -0.50%), respectively. The view of the 
specimen X49-M-P after -0.50% drift ratio is shown in Figure 6.27. 
a) b)  
Figure 6.27 : a) North, and b) South view of the X49-M-P specimen after -0.50% 
drift ratio. 
 
During loading to target displacement of 12.0 mm (drift ratio 1.00%) flexural cracks 
(D-north, E-north, C-south, D-south, E-south) and vertical crack (C-north) were 
observed. During loading to target displacement of -12.0 mm (drift ratio -1.00%) 
vertical cracks (D'-north, C'-south) and flexural cracks ( Cʹ-north, Dʹ-south, Eʹ-south) 
were observed. 
During loading to target displacement of 18.0 mm (drift ratio 1.50%) vertical crack 
(F-south) were observed. During loading to target displacement of -18.0 mm (drift 
ratio -1.50%) flexural cracks (F'-north, G'-north) and shear crack (E'-north) were 
observed. The view of the specimen X49-M-P after -1.50% drift ratio is shown in 
Figure 6.28. 
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a)  b)  
Figure 6.28 : a) North, and b) South view of the X49-M-P specimen after -1.50% 
drift ratio. 
 
During loading to target displacement of 24.0 mm (drift ratio 2.00%) crushing of 
cover concrete was observed. During loading to target displacement of -24.0 mm 
(drift ratio -2.00%) vertical crack (H'-north, F'-north) were observed. 
During loading to target displacement of -30.0 mm (drift ratio -2.50%) spalling of 
cover concrete was observed. 
During loading to target displacement of 36.0 mm (drift ratio 3.00%) vertical crack 
(F-north) was observed. The views of the X49-M-P specimen after -3.00% drift ratio 
are shown in Figure 6.29. 
a) b)  
Figure 6.29 : a) North, and b) South view of the X49-M-P specimen after -3.00% drift ratio. 
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During loading to target displacement of 42mm (drift ratio 3.50%) and -42.0 mm 
(drift ratio -3.50%) propagation of existing cracks (C-north, A-south) and (B'-north, 
Cʹ-north, Hʹ-north, Aʹ-south, Cʹ-south) were observed. 
During loading to target displacement of 48.0 mm (drift ratio 4.00%) vertical crack 
(G-north) was observed. 
During loading to target displacement of -54.0 mm (drift ratio -4.50%) flexural crack 
(G-south) and spalling of column cover were observed. The view of the specimen 
X49-M-P after -4.50% drift ratio is shown in Figure 6.30. 
a)  b)  
Figure 6.30 : a) North, and b) South view of the specimen X49-M-P after -4.50% 
drift ratio. 
 
During loading to target displacement of 84.0 mm (drift ratio 7.00%), test was ended. 
The tests ended due to the decrement in the lateral load strength. Summary of the 
seismic behavior of specimen X49-M-P is shown in Table 6.5. 
Force-displacement relationship of X49-M-P is presented in Figure 6.31. In this 
figure, P is applied lateral load. First flexural crack, first vertical crack, yielding of 
starter bar, yielding of transverse bar, crushing of concrete cover, spalling of concrete 
cover, fracture of starter bar, maximum strain on the starter bar and maximum strain 
on the longitudinal bar are marked on the figure. As seen from Figure 6.31, strength 
loss was observed. 
Average experimental moment-curvature relationships that were obtained for critical 
sections of X49-M-P are presented in Figure 6.32. 
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Table 6.5 : Summary of the seismic behavior of X49-M-P. 
Drift ratio    
(%) 
δ     
(mm/mm) 
P           
(kN) 
Observation 
0.10 ±1.2 9.8/-12.0 No crack was observed. 
0.25 ±3.0 21.9/-23.5 No crack was observed. 
0.50 ±6.0 35.4/-34.9 Flexural cracks were observed. 
0.75 ±9.0 42.6/-41.4  
1.00 ±12.0 46.5/-45.1 Flexural and vertical cracks were observed. 
1.50 ±18.0 46.1/-48.5 
Flexural, vertical and shear cracks were 
observed. 
2.00 ±24.0 46.7/-51.2 
Vertical cracks and crushing of cover 
concrete were observed. 
2.50 ±30.0 46.7/-41.5 Spalling of cover concrete was observed. 
3.00 ±36.0 42.7/-38.2 Vertical crack was observed. 
3.50 ±42.0 39.4/-35.9 Propagation of existing cracks were observed.  
4 ±48.0 34.9/-32.5 Vertical crack was observed.  
4.5 ±54.0 31.4/-29.4 
Flexural crack and spalling of column cover 
were observed. 
5 ±60.0 28.8/-28.6  
6 ±72.0 28.5/-25.3 
Specimen underwent excessive lateral 
displacement out of its axis and test was 
ended by decreasing the axial load 
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Figure 6.31 : Lateral load versus displacement for X49-M-P. 
 
For the calculation of moment-curvature relationships, the average curvature values 
which were obtained for the ranges of 0-20 mm, 20-150 mm and 150-300 mm 
heights above the footing were taken into account. As seen from Figure 6.32, the 
curvature values of the member measured in 20-150 mm and 150-300 mm height 
above the support are in the order of 5E-5 (1/mm), while the curvatures measured in 
0-20 mm height are in the order of 3E-3 (1/mm). According to Figure 6.32, it is of 
interest to note that the damage is accumulated especially in 20 mm height of the 
member from top of the base according to the moment-curvature relationships. 
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Figure 6.32 : Moment-curvature relationships obtained for a) 0-20 mm, b) 20-150 
mm, c) 150-300 mm gauge lengths. 
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57 
mm above the footing when P=46.1 kN at 0.015 drift ratio; the maximum strain 
while pulling was -0.00075, measured from the straingauge at +400 mm above the 
footing when P=-45.1 kN at -0.01 drift ratio. According to the data from the 
straingauges on the starter bars of the X49-M-P, the maximum strain while pushing 
was 0.0098, measured from the straingauge at +100 mm above the footing when 
P=46.7 kN at 0.02 drift ratio; the maximum strain while pulling was -0.00751, 
measured from the straingauge at +100 mm above the footing when P=-41.6 kN at -
0.025 drift ratio. Strain distribution of the starter bars and longitudinal bars of 
NSX22 while pushing and pulling are shown in Figure 6.33 and Figure 6.34, 
respectively. As seen from Figure 6.33 and Figure 6.34, the straingauges did not 
worked after different drif ratios and consequently we can not see the yielding of the 
reinforcing bars. 
 
Figure 6.33 : Strain distribution of the starter bars of X49-M-P a) while pushing, b) 
while pulling. 
 
Figure 6.34 : Strain distribution of the longitudinal bars of X49-M-P a) while 
pushing b) while pulling. 
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6.5 X49-M-W2 
No cracks were observed while loading to target displacements of ±1.2 mm (drift 
ratio 0.10%), ±3mm (drift ratio 0.25%). 
During loading to target displacement of 6.0 mm (drift ratio 0.50%) first flexural 
crack at the interface of column and footing (A-north) was observed. During loading 
to target displacement of -6.0 mm (drift ratio -0.50%) flexural cracks at the interface 
of column and footing (Bʹ-north) and (Aʹ-north, A'-south) and vertical crack (Bʹ-
south) were observed. 
During loading to target displacement of 9.0 mm (drift ratio 0.75%) flexural crack at 
the interface of column and footing (B-north) was observed. The view of the 
specimen X49-M-W2 after -0.75% % drift ratio is shown in Figure 6.35. 
a) b)  
Figure 6.35 : a) south, and b) north view of the X49-M-W2 specimen after -0.75% 
drift ratio. 
 
During loading to target displacement of 12.0 mm (drift ratio 1.00%) flexural cracks 
(A-north, B-north) were observed. 
During loading to target displacement of 18.0 mm (drift ratio 1.50%) flexural crack 
(C-north) and vertical cracks (C-south, D-south) were observed. During loading to 
target displacement of -18.0 mm (drift ratio -1.50%) vertical crack (C'-north), 
flexural cracks (Cʹ-south) were observed. The view of the specimen X49-M-W2 after 
-1.50 % drift ratio is shown in Figure 6.36. 
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a) b)  
Figure 6.36 : a) North, and b) South view of the X49-M-W2 specimen after -1.50% 
drift ratio. 
 
During loading to target displacement of 24.0 mm (drift ratio 2.00%) flexural crack 
at the interface of column and footing (D-north) and (E-south) and vertical cracks (E-
north, F-south) were observed. During loading to target displacement of -24.0 mm 
(drift ratio -2.00%) vertical crack (Dʹ-south) were observed. 
During loading to target displacement of -30.0 mm (drift ratio -2.50%) crushing of 
cover concrete was observed. 
During loading to target displacement of 36.0 mm (drift ratio 3.00%) spalling of 
cover concrete was observed. 
During loading to target displacement of 54.0 mm (drift ratio 4.50%), test was ended. 
The tests ended due to the decrement in the lateral load strength. Summary of the 
seismic behavior of specimen X49-M-W2 is shown in Table 6.7. The view of the 
specimen X49-M-W2 after -3.50% drift ratio is shown in Figure 6.37. Summary of 
the seismic behavior of the specimen X49-M-W2 is shown in Table 6.6. 
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a)  b)  
Figure 6.37:a) North, and b) South view of the X49-M specimen after -3.50% drift ratio. 
 
Force-displacement relationship of X49-M-W2 is presented in Figure 6.38. In this figure, P 
is applied lateral load. First flexural crack, first vertical crack, yielding of starter bar, 
crushing of concrete cover, spalling of concrete cover, fracture of starter bar, maximum 
strain on the starter bar and maximum strain on the longitudinal bar are marked on the figure. 
As seen from the figure, strength loss was observed.  
Table 6.6 : Summary of the seismic behavior of X49-M-W2. 
Drift ratio    (%) 
δ     
(mm/mm) 
P           (kN) Observation 
0.10 ±1.2 8.6/-8.1 No crack was observed. 
0.25 ±3.0 18.1/-17.2 No crack was observed. 
0.50 ±6.0 29.7/-28.3 
Flexural cracks at the interface of column and footing 
and were observed. Vertical cracks were observed. 
0.75 ±9.0 38.5/-36.4 
flexural crack at the interface of column and footing 
were observed. 
1.00 ±12.0 45.7/-40.5 Flexural cracks were observed. 
1.50 ±18.0 53.8/-45.0 Flexural and vertical cracks were observed. 
2.00 ±24.0 59.6/-40.3 
Flexural cracks at the interface of column and footing 
were observed. vertical cracks were observed. 
2.50 ±30.0 45.7/-39.5 Crushing of cover concrete was observed. 
3.00 ±36.0 42.7/-27.5 Spalling of cover concrete was observed. 
3.50 ±42.0 30.0/-27.6 
The tests ended due to the decrement in the lateral 
load strength 
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Figure 6.38 : Lateral load/Theoretical load capacity versus displacement for the 
specimen X49-M-W2. 
 
Average experimental moment-curvature relationships obtained for critical sections 
of X49-M-W2 are presented in Figure 6.39. 
For the calculation of moment-curvature relationships, the average curvature values, 
which were obtained for the ranges of 0-20 mm, 20-150 mm and 150-300 mm 
heights above the footing, were taken into account. As seen from the figure, the 
curvature values of the member measured in 20-150 mm and 150-300 mm height 
above the support are in the order of 5E-5 (1/mm), while the curvatures measured in 
0-20 mm height are in the order of 3E-3 (1/mm). According to the figure, it is of 
interest to note that the damage is accumulated especially in 20 mm height of the 
member from top of the base according to the moment-curvature relationships. 
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Figure 6.39 : Moment-curvature relationships obtained for a) 0-20 mm, b) 20-150 
mm, c) 150-300 mm gauge lengths. 
According to the data from the straingauges on the longitudinal bars of the X49-M-
W2, the maximum strain while pushing was 0.0008, measured from the straingauge 
at +200 mm above the footing when P=59.6 kN at 0.02 drift ratio; the maximum 
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63 
strain while pulling was -0.0011, measured from the straingauge at +200 mm above 
the footing when P=-40.3 kN at -0.02 drift ratio. Strain distribution of the 
longitudinal bars of X49-M-W2 while pushing and pulling are shown in Figure 6.40 
and Figure 6.78, respectively. No straingauges have been used for starter bars 
because of expectancy of working the longitudinal and starter bars mutually. 
 
Figure 6.40 : Strain distribution of the longitudinal bars of X49-M-W2 a) while 
pushing, b) while pulling. 
 
6.6  X49-M-A 
No cracks were observed while loading to target displacements of ±1.2 mm (drift 
ratio 0.10%), ±3 mm (drift ratio 0.25%). 
First flexural cracks (Bʹ-north, Dʹ-north, Eʹ-north, Gʹ-north, Hʹ-north, Iʹ-north, Jʹ-
north, A'-south, C'-south, Dʹ-south, Eʹ-south, Fʹ-south, Iʹ-south, Jʹ-south), vertical 
cracks ( Cʹ-north, Fʹ-north, Bʹ-south, Hʹ-south) and crack at the interface of the 
column and footing ( Gʹ-south) were observed during loading to target displacement 
of -6.0 mm (drift ratio -0.50%). The view of the specimen X49-M-A after -0.50% 
drift ratio is shown in Figure 6.41. 
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a) b)  
Figure 6.41 : a) North, and b) South view of the specimen X49-M-A after -0.50% 
drift ratio. 
 
Flexural cracks (B-north, C-north, D-north, E-north, F-north, G-north, H-north, B-
south, C-south, D-south, E-south, F-south, G-south, H-south) on the column and at 
the interface of the column and footing (A-north, A-south) were observed during 
loading to target displacement of 9.0 mm (drift ratio 0.75%). crushing of column 
cover were observed during loading to target displacement of -9.00mm (drift ratio -
0.75%). 
During loading to target displacement of 12.0 mm (drift ratio 1.00%) vertical crack 
(I-north) was observed. During loading to target displacement of -12.0 mm (drift 
ratio -1.00%) flexural crack (K'-south) and shear crack (Kʹ-north) were observed. 
The view of the specimen X61-P-M after -1.00% drift ratio is shown in Figure 6.42. 
a)   b)  
Figure 6.42 : a) North, and b) South view of the specimen X49-M-A after -1.00%  
drift ratio. 
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During loading to target displacement of 18.0mm (drift ratio 1.50%) vertical cracks 
(J-north, I-south, J-south). During loading to target displacement of -18.0 mm (drift 
ratio -1.50%) flexural crack (L'-north, Lʹ-south, Mʹ-south) and propagation of 
existing cracks (G'-north, Hʹ-north, Iʹ-north, C'-south, Dʹ-south, Eʹ-south) were 
observed.  
During loading to target displacement of 30.0 mm (drift ratio 2.50%) propagation of 
existing cracks and crushing of cover concrete were observed. During loading to 
target displacement of -30.0 mm (drift ratio -2.50%) spalling of concrete cover 
started. The view of the specimen X49-M-A after -%2.50 drift ratio is shown in 
Figure 6.43. 
a)      b)  
Figure 6.43 : a) North, and b) South view of the X49-M-A specimen after -2.50% 
drift ratio. 
 
The view of the specimen X49-M-A after -4.50% drift ratio is shown in Figure 6.44. 
During loading to target displacement of -54.0 mm (drift ratio -4.50%), test was 
ended. The tests ended due to the decrement in the lateral load strength. Summary of 
the seismic behavior of specimen X49-M-A is shown in Table 6.7. 
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a)     b)   
Figure 6.44 : a) North, and b) South view of the X49-M-A specimen after -4.50% drift ratio. 
Table 6.7 : Summary of the seismic behavior of X49-M-A. 
Drift ratio    
(%) 
δ     
(mm/mm) 
P           
(kN) 
Observation 
0.10 ±1.2 12.4/-12.5 No crack was observed. 
0.25 ±3.0 24.4/-24.1 No crack was observed. 
0.50 ±6.0 41.9/-37.6 
Flexural and vertical cracks and cracks at 
interface of column and footing were 
observed. 
0.75 ±9.0 52.9/-48.1 
Flexural cracks and cracks at the interface of 
column and footing were observed. 
1.00 ±12.0 59.6/-53.0 Flexural and vertical cracks were observed. 
1.50 ±18.0 61.9/-52.4 
Flexural and vertical cracks were observed. 
Propagation of existing cracks were observed. 
2.00 ±24.0 48.9/-49.0  
2.50 ±30.0 45.8/-42.9 
Propagation of existing cracks, crushing and 
spalling of concrete cover were observed. 
3.00 ±36.0 44.2/-38.0  
3.50 ±42.0 35.7/-30.1  
4 ±48.0 32.7/-27.9  
4.5 ±54.0 29.2/-26.8 
The tests ended due to the decrement in the 
lateral load strength 
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Force-displacement relationship of X49-M-A is presented in Figure 6.45. In this 
figure, P is applied lateral load. First flexural crack, yielding of starter bar, crushing 
of concrete cover, spalling of concrete cover, fracture of starter bar, maximum strain 
on the starter bar and maximum strain on the longitudinal bar are marked on the 
figure. As seen from Figure, strength loss was observed. 
 
Figure 6.45 :Lateral load versus displacement for X49-M-A. 
Average experimental moment-curvature relationships obtained for critical sections 
of X49-M-A are presented in Figure 6.46. For the calculation of moment-curvature 
relationships, the average curvature values, which were obtained for the ranges of 0-
20 mm, 20-150 mm and 150-300 mm heights above the footing, were taken into 
account. As seen from Figure 6.113, the curvature values of the member measured in 
20-150 mm and 150-300 mm height above the support are in the order of 5E-5 
(1/mm), while the curvatures measured in 0-20 mm height are in the order of 3E-3 
(1/mm). According to Figure 6.46, it is of interest to note that the damage is 
accumulated especially in 20 mm height of the member from top of the base 
according to the moment-curvature relationships. 
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Figure 6.46 : Moment-curvature relationships obtained for a) 20 mm, b) 150 mm, c) 
300 mm gauge lengths. 
 
According to the data from the straingauges on the starter bars of the, the maximum 
strain while pushing was 0.00354, measured from the straingauge at +200 mm above 
the footing when P=61.9 kN at 0.015 drift ratio; the maximum strain while pulling 
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was -0.00262, measured from the straingauge at +200 mm above the footing when 
P=-53.0 kN at -0.01 drift ratio. According to the data from the straingauges on the 
longitudinal bars of the X49-M-A, the maximum strain while pushing was 0.00066, 
measured from the straingauge at +200 mm above the footing when P=59.6 kN at 
0.01 drift ratio; the maximum strain while pulling was -0.0011, measured from the 
straingauge at +100 mm above the footing when P=- 49.0 kN at -0.02 drift ratio. 
Strain distribution of the starter bars and longitudinal bars of X49-M-A while 
pushing and pulling are shown in Figure 6.47 and Figure 6.48, respectively. As seen 
from Figure 6.47, the strain values of starter bars reach yield strain.
 
a)                                                             b) 
Figure 6.47: Strain distribution of the starter bars of  X49-M-A a) while pushing, b) while pulling. 
 
a)                                                                 b) 
Figure 6.48: Strain distribution of the longitudinal bars of X49-M-A a) while 
pushing b) while pulling. 
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7.  OVERALL EVALUATION OF TEST RESULTS 
Note: The specimen, denoted as X0, was not subjected to accelerated corrosion 
process. The results of testing this specimen which was built in same condition of 
this thesis specimens is taken from the PhD thesis of Caglar Goksu, 2012. The test 
results of X0 specimen is used to clarify how the corrosion and the methods which 
used to rehabilitate the corrosion damaged specimens influence the seismic behavior 
of RC columns. The aim of this thesis was to rehabilitate specimens that were like 
X49-REF and reach the  seismic behaviors of X0 specimen.  
 
7.1 Load Displacement 
The envelopes of load-displacement curves for the specimens are shown in Figure 
7.1. The second order effect is eliminated for the lateral load-drift ratio relationships 
of the column specimens in Fig. 7.1.b. Therefore, the reductions in strength in Fig. 
7.1.a are because of the strength degradation of the specimens and the second order 
effects, while the strength reductions in Fig. 7.1.b are only due to the strength 
degradations experienced by the specimens due to accumulation of damages. 
Experimental capacities and observed failure hierarchies of the specimens are 
presented in Table 1. It should be noted that when there is cross-section loss of about 
49%, the loss in experimental capacity is not about 49% due to the fact that the 
maximum cross-section loss exists at only one bar and at only one section along the 
reinforcing bar. 
In this figure, P is the applied lateral load of the specimen. Although, the specimen 
X49-REF had the similar cross-section loss as the other specimens, the strength of 
the specimen X49-REF is the lowest among the other specimens due to absence of a 
layer of cement based structural repair mortar and any repair application. The 
strength of the specimen X49-M-A is the highest and also reached the flexural 
capacity of X0 specimen due to the contribution of the mutual-working of the starter 
and anchoraged bars along the lap splice length. The early (at approximately 2% drift 
ratio) rupture of the starter bars at and around the maximum moment section for all 
72 
specimens except X0 is attributed to the concentrated local corrosion damage along 
the reinforcing bar for the specimens with corroded reinforcing bars (Table 7.2). This 
phenomenon is resulting from partial yielding of the steel cross-section at the 
maximum section loss, which occurs before all of the cross-section reaches its elastic 
limit. All the specimens except X49-M-A with corroded reinforcing bars experienced 
strength degradation, and every specimens except X49-M-W1 experienced gradually 
loss in deformation capacity when compared to the X0 specimen. As also has been 
pointed out by Castel et al. (2000) and Inci et al. (2012) It should also be noted that 
the maximum moment zone coincides with the maximum damage zone for the tested 
specimens. While the proposed repair techniques increased the strength by 25%, 
14%, 9%, 38% and 26% for specimens X49-M, X49-M-W1, X49-M-P, X49-M-A 
and X49-M-W2with respect to the specimen X49-REF, they were not successful to 
retard the rupture of the starter reinforcing bars. Therefore, the negative effect of 
corrosion on deformation capacity could not be avoided. As seen from the load 
displacement curves of specimens, there is difference between the loads while 
pulling and pushing. This is because; the repair mortar did not bond with the existing 
concrete and performed early spalling in specimens. For this reason, the side with the 
better performance was taken into consideration in Figure 7.1.  
 
Table 7.1: Experimental capacities and observed failure hierarchies of the specimens 
Specimens X0 X49-REF X49-M X49-M-W1 X49-M-W2 X49-M-P X49-M-A 
Experimental 
Capacity 
53.6 41.6 52.3 47.6 52.7 45.4 57.6 
Factors 
limiting the 
strength and 
failure mode 
Crushing of 
concrete 
cover and 
yielding of 
tension bar 
occurred 
together, 
followed by 
crushing of 
core 
concrete an
d finally 
rupture of 
reinforcing 
bars 
Rupture of 
reinforcing 
bars, 
crushing 
of 
concrete 
cover,  
spalling of 
concrete 
cover 
Crushing 
of cover 
concrete, 
spalling of 
cover 
concrete, 
yielding of 
tensile bar, 
rupture of 
reinforcing 
bar 
Crushing 
of 
concrete 
cover, 
spalling of 
concrete 
cover and 
rupture of 
reinforcing 
bar 
occurred 
together 
Rupture of 
reinforcing 
bars, 
crushing 
of 
concrete 
cover,  
spalling of 
concrete 
cover 
Yielding 
of 
tensile 
bar, 
crushing 
of cover 
concrete
, rupture 
of 
reinforci
ng bar, 
spalling 
off 
cover 
concrete 
Crushin
g of 
cover 
concrete
, rupture 
of 
tensile 
bar, 
spalling 
of cover 
concrete 
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a) 
 
b) 
 
Figure 7.1: The envelopes of the lateral load-drift ratiio curves for the specimens a) 
with the second order effects, b) the second order effects eleminated. 
 
7.2 Residual Displacement  
The variation of ratios of residual plastic displacements (    ) to the displacement at 
which unloading began (   ) with respect to drift ratios are presented in Figure 7.2. 
As seen in this figure, δres/δun ratio is higher for the specimen without corrosion, 
X0, due to ductile behavior and distributed plastic deformations of main reinforcing 
bars at the plastic hinge region. However, in case of columns with corroded 
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reinforcing bars, all the reinforcing bars exhibit linear elastic behavior with the 
exception of cross-sections subjected to maximum cross-section losses, where the 
plastic deformations are concentrated. Consequently, due to limited distribution of 
plastic deformations, δres remains almost constant while δun increase with 
increasing drift ratios. This which results as a decline in δres/δun ratio for specimens 
with corroded reinforcing bars. This behavior is also characterized with the high 
pinched hysteresis curves of specimens with corroded reinforcement. Damage 
mechanisms of the specimens are presented in table 7.2. The horizontal flexural 
cracks with maximum width occurred around the column-footing interfaces. It is 
important to note that, the bending cracks were well-distributed for the specimen 
without corrosion, X0, while all the damage was accumulated at the base of the 
corroded specimens.  
 
Table 7.2: Damage development mechanisms of specimens (The numbers given in 
Table are the drift ratios in %). 
Damage 
mechanis
ms 
Specimens 
X0 X49-REF X49-M X49-M-W1 X49-M-W2 X49-M-P X49-M-A 
First 
flexural 
crack 
0.75 0.25 0.5 -0.5 -0.5 0.5 0.5 
Yielding 
of starter 
bar 
1 - 1.5 -1.5 - 1.5 - 
Rupture of 
starter bar 
8 -2 2.5 -1.5 2.5 -2.5 -2.5 
Maximum 
strength 
while 
pushing 
2 1.5 2 1.5 2 2 1.5 
Maximum 
strength 
while 
pulling 
-1.5 -0.75 -1.5 -1 -1.5 -2 -1 
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Figure 7.2: The variation of residual displacement for the specimens. 
 
7.3 Energy Dissipation  
Energy dissipation capacities of the specimens calculated as the area enclosed by the 
hysteresis loops, are presented in Figure 7.3.  
The drawing, which shows the calculation of energy dissipation capacity as the area 
enclosed by the hysteresis loops and energy dissipation capacities of the specimens 
are presented in Figure 7.3. The specimens could not reach the energy dissipation 
capacity of X0 spesimen. As seen in this figure, the energy dissipation capacities of 
the specimens with corroded reinforcing bars are almost the same, while the 
specimen without corrosion can dissipate higher energy. The difference between 
energy dissipation capacities stems from higher capacity of specimen X0 even at 
larger drifts. For other specimens, the rupture of reinforcing bars at approximately 
2% drift ratio prevented higher energy dissipation due to reduced lateral load 
capacity. The slightly higher energy dissipation capacity of the specimen X49-M-A 
is due to higher flexural strength resulting from the contribution of mutual-working 
of the original starter bar of the column and externally anchored reinforcing bar 
along the lap splice length.while the energy dissipated by the unconfined specimen 
(X49-REF) is the lowest due to its remarkably lower flexural strength and drift 
capacity that it shows the benefit of some rehabilitating methods on dissipating 
energy.  
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a) 
 
b) 
Figure 7.3: a) Energy dissipation capacity of the specimens. b) Calculation of energy 
dissipation capacity (Goksu, 2012). 
 
7.4 Strain Distribution  
 The variations of axial strains of longitudinal bars and starter bars at different 
locations are presented in Figure 7.13 and Figure 7.14. These strain values were 
measured at drift ratios of 1%, 2% and 3%. Some of the straingauges on bars of 
specimens were damaged before yielding of the starter bars. While the starter bars 
yielded in most of the specimens, column longitudinal bars did not yield in any of the 
specimens indicating that stresses in the column reinforcement were transferred to 
starter bars around a zone of smaller moments rather than maximum moment zone. 
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While the tensile strains in the base of the X0 specimen without corroded 
reinforcement were distributed and strains were higher than yield strain, and the 
strains at the same location were much smaller in specimens with corroded 
reinforcement. The strain values were less in case of specimens with. This 
phenomenon is resulting from partial yielding of the steel cross-section at the 
maximum section loss, which occurs before all of the cross-section reaches its elastic 
limit. The tensile strain in X49-M-P specimen among the rehabilitated specimens 
was much better because of distributed pits along the reinforcing bars that caused to 
make a bigger plastic hinge length and drift capasity. 
Note: The last character of the name of the specimens in figure 7.4 and 7.5 indicates 
the number of steel bar of RC column which the straingauge is located on that and 
the (ANCH) character indicates the straingauge that is located on bar that is 
anchoraged to footing of the specimen for rehabilitating that for example: the X49-
M-A-3-ANCH indicates the straingauge that is located on the bar which anchoraged 
near the thirth steel rebar. 
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Figure 7.4 : Strain distribution of the starter bars at a) 1%, b) 2%, c) 3% drift ratios. 
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Figure 7.5 : Strain distribution of longitudinal reinforcing bars at a) 1%, b) 2%, c) 
3% drift ratios. 
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7. 5 Moment-Curvature 
Moment-curvature relationships obtained for different gauge lengths are shown in 
Figure 7.6. In Figure 7.6, M is the moment which is calculated by using Eq. (5.1) 
under the consideration of second-order effects. Furthermore, distribution of 
curvatures, as seen in Figure 7.6, shows that the damage is localized in cases of 
corroded specimens. This may be attributed to the gradual loss of starter bar diameter 
that is caused of corrosion in the case of rehabilitated specimens. 
The failure mechanisms of the specimens are presented in Table 7.1. As seen from 
Table 7.1, the tensile bars were fractured gradually due to corrosion. The early 
fracture of reinforcing bars of specimens may be related with two main observations; 
1) The damage was more localized in these specimens causing larger reinforcement 
strains in smaller lengths of column starter bars, which may result with higher strains 
in smaller drifts, 2) Damage of column starter bars at the base of the columns, where 
was the most susceptible zone to the corrosion damage. Smaller diameter of starter 
bars due to corrosion may result accumulation of excessive lateral displacements 
around the corroded zone while the strains are not as high in other parts. It should be 
noted that no premature failure due to buckling of compression bars was observed 
due to closely spaced transverse bars. It is interesting to note that corrosion of 
longitudinal bars did not prevent the transfer of tensile stresses from column bars to 
starter bars. Even after application of lateral loads and reaching significant drifts 
(around 4%), the increase of these damages was not accompanied with a bond failure 
at the lap splices of longitudinal bars. 
The test results, including the the maximum load (    ), displacement corresponding 
to maximum load ( @    ) and the displacement ductility factor    are given in 
Table 7.4. The displacement ductility factor (  ) is defined as the ratio of the 
ultimate displacement,    to     . The ultimate displacement is defined as the 
displacement corresponding to the displacement at which the applied load dropped to 
85% of the maximum load. As seen from table, μδ decreased dramatically with the 
corrosion.    Of rehabilitated specimens did not reach the    of uncorroded 
specimen. It is because of early rupture of starter bars that do not let the specimens 
act much ductile.  
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Figure 7.6: Moment-curvature relationships obtained for different gauge lengths (a) 
Gauge length between 0-20 mm, (b) Gauge length between 20-150 mm, (c) Gauge 
length between 150-300 mm. 
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The damage was localized to the interface of column and footing in the rehabilitated 
highly corroded specimens. No shear crack and vertical cracks initiated at the tips of 
the lap spliced bars were observed. 
 
Table 7.3 : Failure mechanisms of specimens (The numbers given in Table are the 
drift ratios). 
Failure mechanism 
 
Specimens 
X49-REF X49-M X49-M-W1 X49-M-P X49-M-W2 X49-M-A 
First flexural 
crack 
0.25% 0.5% 0.5% 0.5% -0.5% 0.5% 
Yielding of 
longitudinal bar 
- - - - - - 
Yielding of starter 
bar 
- 1.5% -1.5% 1.5% - -2% 
Yielding of 
transvers bar 
- - - - - - 
Crushing of 
concrete cover 
-3% -1.5% 1% 2% -2.5% 2.5% 
Spalling of 
concrete cover 
3.5% 2% -1.5% -2.5% 3% -2.5% 
Fracture of 
starter bar 
-2% -2% -1.5% -2.5% 2.5% 2% 
Maximum 
strength while 
pushing 
1.5% 1.5% 1.5% 2% 2% 1.5% 
Strength loss with 
respect to 
maximum load at 
3.5% drift ratio 
33% 33% 34% 34% 56% 45% 
 
Table 7.4 : Ductility factors for the specimens. 
Specimens      
(kN)   
 @     
(mm) 
  (mm) 
 
 
 
  
 
X49-REF 41.64 18 26.17 1.45 
X49-M 52.31 24 32.75 1.36 
X49-M-W1 47.65 18 22.74 1.26 
X49-M-P 45.37 24 28.17 1.17 
X49-M-W2 52.7 24 27.37 1.14 
X49-M-A 57.55 18 22 1.22 
X0 56.92 24 84 3.5 
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7.6 Contribution of Displacement Components to the Lateral Displacement of 
Columns 
The lateral displacement of the columns is assumed to be resulting from flexure 
(when a lateral load is applied to the column and a lateral displacement occurs at the 
end of the column since there are no end restraints against horizontal displacement), 
shear (when applied lateral load produces shear stresses at the end of the column) 
and the slip of the longitudinal reinforcement in the support (when the bars are fully 
anchored in the footing, strain penetration occurs along the part of the bar due to the 
force transfer between the bars and the concrete in the support) (Lehman and 
Moehle, 2000) (Figure 7.7). 
The displacement due to flexure is obtained from LVDT’s both at 0-20, 20-150 and 
150-300 mm. Firstly, strains are found from the differences between the data of 
LVDT’s placed on the opposite sides of the column, then strains are converted to 
curvatures by dividing the strains to the distance between LVDT’s. The curvatures 
are converted to rotations by multiplying with plastic hinge length. The rotations are 
converted to displacements by multiplying with column height. The displacement 
due to shear is obtained by Eq. (7.1) and Eq. (7.2). The displacement due to slip is 
obtained from LVDT’s at 0-20 mm similar to that due to flexure. The elastic 
displacement resulting from elastic bending          is obtained by Eq. (7.3). In the 
equations, A is cross-section area of the column, E is elastic modulus, G is shear 
modulus, L is column height, P is the lateral load, I is the moment of inertia and ν is 
the poisson’s ratio. 
                                    =
 
  
                                                                                      (7.1) 
                              G=
 
      
                                                                                          (7.2) 
                                      =
   
   
                                                                                       (7.3) 
The displacement components corresponding total displacements of the specimens 
are shown in Figure 7.8. As seen from the figure 20-150mm flexural behavior of 
X49-M-P is better than other specimens due to diffused pits on the starter bar. 
According to Figure 7.8, the cyclic behaviors of all specimens were dominated by 
slip but it is not completely slip because of yielding the starter bars that occur in 
every columns. Also a little amount of slip could be occurred in the place that starter 
bar yields but the fact is that the flexure dominated behavior of specimens in the 0-20 
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LVDT’s is attributed to the effect of losses of cross section which occurs in the 
interface of column and footing. This loss in cross section does not let to occure any 
diffused plastic hinge region along the starter bar that it can be seen from the 20-
150mm and 150-300mm flexural displacements which are very low.  
 
 
Figure 7.7 : Displacement components for a cantilever column (Lehman and Moehle 2000). 
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b)
 
c)
d)
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e)  
 
f)
 
Figure 7.8 : Displacement components against total displacements of specimens 
a)X49-REF, b) X49-M-W1, c) X49-M-P, d) X49-M-A, e) X49-M, f) X49-M-W2. 
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7.7 ANALYTICAL EVALUATION  
The lateral load capacities of the specimens were calculated through the flexural 
moment capacities of the critical sections since the specimens were not critical in 
shear. The flexural moment capacities were determined through fiber analysis 
approach by using XTRACT (2007) at the critical section of each column. In the 
moment-curvature analysis, steel reinforcing bars were assumed to behave in an 
elastic-plastic manner with strain hardening. The loss of cross-section of the 
reinforcing bars resulting from corrosion was considered during the analyses. For the 
stress-strain behavior of unconfined and confined concrete, the model proposed by 
Mander et al. (1988) was used. The stress-strain relationships of theoretical 
unconfined concrete, confined concrete and reinforcing bar used in calculation of 
moment capacities by XTRACT (2007) are presented in Fig 7.9. The stress-strain 
relationship of the steel reinforcing bar is defined according to actual uniaxial tension 
test results of the reinforcing bar. It should be noted that for the stress of the confined 
concrete, the result of the actual core sample test, which was obtained after the 
column test during autopsy, was taken into account. For rehabilitated specimens, the 
compressive strength of repair mortar was taken into consideration for unconfined 
part of the cross-section.  
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a)  
b)  
Figure 7.9 : The theoretical stress-strain relationships of the a) Unconfined and 
confined concrete, b) Reinforcing bar 
Table 7.6 shows the predicted capacities of the specimens and the failure modes, 
while Table 7.5 shows the failure modes of the specimens with strains for reinforcing 
bar (εs), unconfined (εc) and confined concrete (εcc) as well. The shear strength is 
calculated as 221 kN according to TS 500 (2000). Therefore, as seen from Table 7.5, 
the specimens are expected to fail before they reach shear strength. As expected, the 
specimen without corrosion (X0), reached its theoretical flexural capacity and 
showed an excellent performance in terms of ductility and energy dissipation. On the 
contrary, while the reference and rehabilitated specimens reached their flexural 
capacities calculated considering the reduced reinforcement area, the deformation 
capacities of these specimens were remarkably poor with respect to specimen X0. 
This was demonstrated with premature failure of these specimens at early stages of 
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loading (at around 2% drift ratio) high pinched hysteresis curves, low ductility and 
low energy dissipation capacities. 
 
Table 7.5 : Theoretical capacities of the specimens 
Specimens X0 X49-REF Rehabilitated specimens 
with the consideration 
of cross-section loss 
Rehabilitated specimens 
without the consideration 
of 
cross-section loss 
Yielding of 
tension bar 
 
εs 
0.0022 0.0022 0.0022 0.0022 
εc 0.0015 0.0020 0.0014 0.0014 
εcc 0.0009 0.0014 0.0008 0.0008 
Crushing of 
concrete cover 
 
εs 
0.0046 0.0022 0.0052 0.0052 
εc 0.0020 0.0020 0.0019 0.0019 
εcc 0.0010 0.0014 0.0008 0.0008 
Crushing of core 
concrete 
 
εs 
0.0220 0.0130 0.0142 0.0040 
εc 0.0082 0.0087 0.0072 0.0136 
εcc 0.0036 0.0053 0.0039 0.0040 
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Table 7.6 : Factors limiting the strength and failure mode 
Specimens X0 X49-REF 
Rehabilitated specimens 
 
Theoritical capacity  
with the consideration 
of cross-section loss 
(kN) 
56.16 46.60 51.93 
Theoritical capacity  
without the 
consideration of cross-
section loss (kN) 
56.16 - 56.86 
Factors limiting the 
strength and failuere 
mode 
Crushing of concrete 
cover and yielding of 
tension bar occurred 
together and followed by 
crushing of core concrete 
Crushing of concrete 
cover and yielding of 
tension bar occurred 
together and followed by 
crushing of core concrete  
Yielding of tension bar,  
followed by crushing of 
concrete cover, and 
crushing of core concrete 
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8.  CONCLUSIONS AND RECOMMENDATIONS  
This dissertation contains an experimental study on the effect of low-cost repairing 
methods on the seismic behavior of reinforced concrete columns with corroded 
reinforcement. Six specimens, which have been subjected to accelerated corrosion 
process, were tested under constant axial load and reversed cyclic loads. The 
specimens were designed and constructed according to current seismic design codes 
in Turkey. One of the six specimens was the reference specimen without 
rehabilitation while the other five were subjected to different types of rehabilitation 
in order to recover the negative effects of reinforcement corrosion. All specimens 
were tested to failure (or until large lateral drifts) and the performances of these 
columns were studied through their strength, deformation capacity, strain distribution 
along reinforcing bars, displacement components, moment-curvature relationships of 
critical sections and failure mode characteristics.  
According to the autopsy made after the tests and failure modes, rupture of starter 
bars was occurred at the interface of column and footing, probably due to 
concentration of corrosion damage around this region.  
The failures of the heavily corroded specimens were due to early rupture of the 
corroded reinforcing bars. The starter bars of the specimens with corrosion fractured 
at drift ratios of as small as 2% causing a significant sudden loss in strength. 
Localization of corrosion (pit type) of reinforcing bars was seen to have a significant 
adverse effect on the inelastic behavior of columns under lateral loads, particularly in 
terms of drift capacity. This is due to concentration of plastic deformations of main 
reinforcing bars at and around the maximum cross-section loss (maximum pit) rather 
than occurring all through the potential plastic hinge length causing limited 
distribution of plastic deformation leading to remarkably reduced displacement 
capacity for the columns with corroded reinforcement due to reduced plastic hinge 
lengths. Consequently ductility and energy dissipation capacity of columns with 
corroded reinforcement are reduced remarkably.  
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The proposed simple rehabilitation methods such as Removal of concrete cover and 
replace it with applying a layer of cement based structural repair mortar, recovering 
the cross section losses of starter bars of rehabilitated specimens by filling the cross-
section losses with welding at the maximum moment section that is finally within the 
diameter of the original cross-section, recovering the pits by welding for both starter 
and column bars in every 10 mm along the lap splice length, welding the starter bar 
and the longitudinal bar to each other along the lap splice length, anchoraging 4 
deformed bars in same size of column starter bars into footing along the each of 
starter bars, making pits on the cross section of both longitudinal bar and starter bar 
in every 10 mm to reach the minimum cross section on the each bar recovered the 
strength of the specimens. It is known that the displacement capacity, which is as 
important as strength, particularly for the buildings, which are designed to exhibit a 
ductile behavior during earthquakes could not be recovered. Another finding is the 
reduced energy dissipation capacity of specimens with corroded reinforcement, 
reflected with relatively high pinched hysteresis curves even after repair. 
In addition, the main problems of corroded columns are Strength reduction and 
reduction in drift capacity. The rehabilitated specimen X49-M-A could reach the 
strength of uncorroded X0 specimen strength but did not solve the drift capacity 
reduction problem. This was occurred because the anchoraged rebars did not work 
properly after crushing the cover concrete. The other rehabilitated specimens could 
act better than reference specimen just in the strength.  
Considering the widespread problem of corrosion in existing structures, these 
findings are deemed as valuable information for the seismic performance 
improvement of buildings with corrosion damaged structural members. By 
evaluating the test results, it could be inferred that the most important problem is the 
early rupture of most corroded portion of starter bar of RC columns. Further research 
is needed to find effective retrofit strategies to solve this problem. 
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